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CHAPTER 1
INTRODUCTION
Arthropods represent the most morphologically diverse animal phylum,
particularly in regard to their body plans and appendages. While these overt differences
have been well documented for over a century, we are only now beginning to
understand the molecular basis responsible for such large-scale changes. Specifically,
it is now becoming clear that differences among arthropod body plans and appendages
may be largely driven by evolved variations in the developmental networks that control
the establishment of key defining features. The recently developed union between the
disciplines of evolution and development (“evo-devo”) has successfully pinpointed some
of these differences and has provided insight into the evolution of specific arthropod
morphologies and bauplans (Angelini and Kaufman, 2005a; Carroll et al., 1995;
Chesebro et al., 2009; Hrycaj et al., 2008; Hughes and Kaufman, 2002; Tomoyasu et
al., 2005; Weatherbee et al., 1999; Wittkopp et al., 2002).
A second, powerful potential of evo-devo studies is that they may help to provide
resolution within the current debate of arthropod systematics, a subject that has been
vigorously contested for the past two centuries.

Traditionally, the above-mentioned

large-scale differences in body plans and appendages among the four major arthropod
lineages (chelicerates, myriapods, crustaceans and insects) have been used to argue a
closer relationship between the insects and myriapods to the exclusion of the
crustaceans, with the chelicerates branching off as a basal group (Brusca and Brusca,
1990; Manton, 1964). However, this classical grouping within Arthropoda has been
recently challenged by modern molecular analyses utilizing mitochondrial and nuclear
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gene rearrangements. In contrast to the morphological groupings, the molecular data
supports a strong insect/crustacean relationship and also suggests that the myriapods
and chelicerates may be sister groups (Boore et al., 1995; Cook et al., 2001; Friedrich
and Tautz, 1995; Gonzalez-Crespo and Morata, 1996; Kusche and Burmester, 2001;
Regier and Shultz, 1997). These discrepancies call for the re-evaluation of the various
traits (such as Malphigian tubules and tracheal systems) that were used by
morphologists to establish the more traditional arthropod groupings. As discussed in
Chapter 2, the field of evo-devo can help provide a resolution to this debate by
delineating the developmental processes responsible for the formation of these groupdefining features. For example, the anatomical composition of arthropod mandibles
was originally used to infer relationships among insects, myriapods and crustaceans.
Specifically, the mandibles (or “jaws”) of insects and myriapods were both considered to
be whole limbs (composed of both coxopodite and telopodite) while crustacean
mandibles were thought to be gnathobasic (composed of coxopodite only) (Manton,
1964; Telford and Thomas, 1995).

However, evo-devo type analyses of gene

expression patterns have revealed that all arthropod mandibles are gnathobasic
(Grenier et al., 1997; Popadic, 1996; Popadic et al., 1998b; Scholtz et al., 1998). As a
result, this feature (mandibular composition) can no longer be used to group myriapods
and insects. In a similar fashion, future evo-devo studies should focus on delineating
the genetic mechanisms of other group-defining traits (such as Malphigian tubules and
tracheal systems) to their most specific events, encompassing regulatory mechanisms
to the level of individual target genes. The subsequent comparisons of these detailed
genetic networks can then be used to establish true homologies of complex
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morphological traits and provide additional, unbiased insight into the field of arthropod
systematics.
Until recently, the majority of data on insect development has been limited to
holometabolous insect species such as Drosophila and Tribolium, in which the larval
and pupal stages are phenotypically different from the eventual adult morphology. In
contrast, the majority of insect lineages undergo the more ancestral hemimetabolous
mode of development in which the embryo hatches into a nymph that is phenotypically
similar to that of the adult.

Hence, performing evo-devo type studies in the latter

species will be able to shed light on to whether or not established Drosophila paradigms
are conserved in more basal lineages. In addition, such studies can also provide insight
into possible ancestral functions of key developmental genes and how the functions of
these genes may have diverged both structurally and functionally during insect
evolution.
Although all insects share a conserved bauplan consisting of a head, thorax and
limbless abdomen, extraordinary diversity is readily observed in appendages such as
mouthparts, wings and legs. While numerous studies have provided valuable insight
into the development of the tripartite body plan of insects, the genetic origins of
appendage diversity remain to be fully elucidated (Beeman et al., 1993; Beeman et al.,
1989; Carroll et al., 2001; Hrycaj et al., 2008; Hughes and Kaufman, 2000; Hughes and
Kaufman, 2002; Mahfooz, 2007; Mahfooz et al., 2004; Rogers et al., 1997; Struhl, 1982;
Tomoyasu et al., 2005).

Thus, the current challenge is to determine exactly how

developmental variation governs morphological diversity in nature. To identify genes
responsible for such morphological changes, detailed expression analyses of known
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appendage patterning genes in various insect species that demonstrate diagnostic
structural differences need to be performed.

Possible candidate genes would

demonstrate altered expression patterns that correlate with the observed morphological
novelties. Several recent studies have shown that such an approach can provide a
powerful way of elucidating the origins of morphological evolution (Carroll et al., 1995; Li
and Popadic, 2004; Tomoyasu et al., 2005; Wittkopp et al., 2003; Wittkopp et al., 2002).
For example, a recent expression analysis of the POU homeodomain gene nubbin (nub)
showed that this gene exhibits species-specific patterns across several insect lineages
in appendages including legs, antennae and mouthparts (Li and Popadic, 2004). These
results therefore identify nub as an excellent candidate gene to pursue in order to
determine the contributions it may have had during the evolution of multiple insect
appendages.
The above findings motivated us to analyze nub function in the hemimetabolous
insect species Oncopeltus fasciatus (milkweed bug). As discussed in detail in Chapter
3, nub has several functions in Oncopeltus, including major roles in directing the proper
formation of the antennae, mouthparts and legs. In addition, we describe a novel role of
nub in the establishment of the limbless insect abdomen via the up-regulation of the hox
gene abdominal-A (abd-A).

These data are unique in that abd-A expression is

unaffected in a nub-depleted background in Drosophila. This difference in nub function
is exceptionally noteworthy as the limbless abdomen is a highly conserved insect
feature. Hence, it would seem likely that the developmental networks controlling the
establishment of this region would also be conserved. Instead, our results suggest that
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variations may exist in the genetic mechanisms that maintain this class-defining feature
(limbless abdomen) within the insects.
In contrast to identifying genes that may be involved in appendage diversification,
the set of factors that are involved in establishing the highly conserved insect bauplan
are well known. Specifically, numerous studies have indicated that the hox genes are
required for conveying segmental identity along the antero-posterior axis (Beeman et
al., 1993; Beeman et al., 1989; Carroll et al., 2001; Hrycaj et al., 2008; Hughes and
Kaufman, 2000; Hughes and Kaufman, 2002; Mahfooz, 2007; Mahfooz et al., 2004;
Rogers et al., 1997; Struhl, 1982; Tomoyasu et al., 2005). While expression analyses of
hox genes have been performed in several insect species that demonstrate a wide
phylogenetic range (Mahfooz et al., 2004; Passalacqua et al., 2010; Rogers et al.,
1997), data on the embryonic function(s) of these genes are largely restricted to the
holometabolous species Drosophila and Tribolium.

In fact, Oncopeltus is the only

hemimetabolous lineage in which an extensive amount of embryonic hox gene
functional data exists (Angelini et al., 2005; Hughes and Kaufman, 2000; Hughes and
Kaufman, 2002; Mahfooz et al., 2007; Mahfooz et al., 2004). Furthermore, with respect
to the post-embryonic functions of hox genes, virtually no data exists outside of
holometabolous lineages.

As previously described, the hemimetabolous mode

development differs from the holometabolous mode in that the first nymph that hatches
from the egg at the end of embryogenesis phenotypically resembles the eventual adult.
Therefore, if the majority of adult phenotypes are already established during
embryogenesis, what are the functions of the hox genes during post-embryogenesis in
hemimetabolous lineages?

In other words, are hox genes continuing to affect the
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development of previously formed embryonic structures, or do they only act upon those
that are continuing to grow and elaborate throughout post-embryogenesis? To begin to
address these questions, we performed a detailed analysis on the post-embryonic
function(s) of the hox gene Sex combs reduced (Scr) in the hemimetabolous species
Oncopeltus fasciatus.

The obtained results were then subsequently compared to

previous reports on the embryonic functions of Scr in Oncopeltus (Angelini et al., 2005;
Chesebro et al., 2009; Hughes and Kaufman, 2000) in order to identify any potential
differences in the roles that this gene may play during the two distinct stages of
development that this species undergoes.
During embryogenesis the loss of Scr results in the labial tube being transformed
into a pair of legs and that the combs that normally appear on the first thoracic leg (T1
leg) become malformed (Angelini et al., 2005; Chesebro et al., 2009; Hughes and
Kaufman, 2000).

It is important to note that the identity of the T1 segment itself

(prothorax) remains unaltered even in the most severe embryonic RNAiScr phenotypes
(Chesebro et al., 2009). In contrast, our post-embryonic analysis of Scr function reveals
that these same structures that are previously established during embryogenesis (labial
tube, T1 leg combs) are unaffected when Scr is abolished post-embryonically. Instead,
the posterior portion of the prothorax, a structure that continues to gradually grow and
elaborate during post-embryogenesis, exhibits a partial transformation toward T2 in
strong adult RNAiScr phenotypes (Chapter 4).

In addition, we found that the

consecutive depletion of Scr during the last two nymphal stages of post-embryogenesis
was sufficient to re-initiate the normally suppressed wing developmental program T1
segment. This is in contrast to single-staged RNAi applications performed at either of
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these stages that never resulted in such a phenotype. These data indicate that the
suppression of the wing program on the adult Oncopeltus prothorax requires Scr input a
both of the last two nymphal stages. Overall, our data reveal that the post-embryonic
input of Scr is not needed to maintain structures previously formed during
embryogenesis (labial tube, T1 leg combs) and instead, only affects those structures
that continue to grow and develop during this phase of development (T1 segment itself,
wing suppression).
While the above comparative analysis identified novel temporal and spatial
differences of function during embryonic and post-embryonic development, it does not
provide an answer to the question of whether these divergent roles of Scr are specific to
Oncopeltus or if it is a general feature of other hemimetabolous lineages? In order to
address this question, we performed an identical analysis of Scr function at both the
embryonic and post-embryonic level in the cockroach Periplaneta americana (Chapter
5). Due to the fact that Periplaneta represents a phylogentically older insect lineage as
compared to Oncopeltus, this study can also serve to provide insights into the potential
ancestral function(s) of Scr in insects in general.
Our analysis shows that, similar to Oncopeltus, there is a clear difference in the
spatial and temporal functions of Scr during embryonic and post-embryonic
development in Periplaneta. However, unlike Oncopeltus, Scr function is strictly limited
to the head region only despite clear embryonic expression in the T1 leg at both the
mRNA and protein level. These data suggest that the ancestral embryonic role of Scr
may be restricted to the head region in more basal insect lineages and that the
subsequent gain of function in the T1 region of Oncopeltus, Tribolium and Drosophila is
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a recently derived feature. In addition, strong RNAiScr Periplaneta first nymphs develop
an ectopic supernumerary segment between the labial and T1 segments that disrupts
the formation of the dorsal ridge, an ancient feature that separates the head and thorax
in all extant insect lineages. Interestingly, while Tribiolium Scr phenotypes yield an
identical structure, no such ectopic segment develops when Scr is abolished in either
Oncopeltus or Drosophila (Chesebro et al., 2009; Hughes and Kaufman, 2000;
Pattatucci et al., 1991; Shippy et al., 2006; Struhl, 1982). These results reveal the
presence of lineage-specific variation in the genetic mechanisms that controls the
formation of an ancestral insect trait (dorsal ridge), reminiscent of the previously
described role of nub in generating the limbless abdomen in Oncopeltus (Hrycaj et al.,
2008).

Finally, our analysis showed that the primary role of Scr during post-

embryogenesis is to direct the proper growth and development of the prothorax in
Periplaneta. The abolishment of Scr during late nymphal stages is sufficient to reinitiate the normally suppressed wing development program on the T1 segment and
results in the formation of ectopic wings originating from the paranotal region of the
prothoracic segment. Thus, the spatial and temporal division of Scr function during
embryonic and post-embryonic development is not specific to Oncopeltus, but indeed
occurs in Periplaneta as well.
Overall, our data illustrate how evo-devo studies can shed light onto the complex
mechanisms that drive the formation of arthropod body plans and appendage
diversification. In addition, the delineation of these developmental pathways down to
their most specific levels will also be able to provide fresh unbiased insight into whether
or not shared arthropod features such as Malphigian tubules are truly homologous
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structures or are episodes of convergent evolution.

These potentials highlight the

importance of extending evo-devo studies to encompass more taxa. Obtaining such
new insight will be critical for understanding how complex phenotypes have become
established and maintained over the course of evolution.
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CHAPTER 2
RESOLVING ARTHROPOD RELATIONSHIPS: PRESENT AND FUTURE INSIGHTS
FROM EVO-DEVO STUDIES
This chapter has been published in as a book chapter in Crustacea and Arthropod
Relationships:
Steven Hrycaj and Aleksandar Popadic. 2005. Resolving arthropod relationships:
Present and future insights from evo-devo studies.

Crustacea and Arthropod

Relationships. CRC Press, Boca Raton, FL.
ABSTRACT
In the past two centuries, the field of arthropod phylogeny has been the subject
of intense discussion.

Traditionally, relationships based on morphology and fossil

evidence of the four major arthropod lineages have suggested a closer relationship
between myriapods and insects to the exclusion of crustaceans. It was also generally
recognized that the chelicerates branched off as a basal group.

However, recent

molecular studies analyzing sequence data strongly contradict these groupings, and
instead suggest the following relationships: (i) [insects + crustaceans], and (ii)
[chelicerates + myriapods]. As is evident from this lack of congruence, future resolution
of arthropod relationships must rely upon a re-evaluation of traditionally assigned
morphological homologies. The field of evolutionary developmental biology (evo-devo)
has the potential to accomplish this by emphasizing the developmental mechanisms
governing formation of particular morphological features. For example, previous studies
of gene expression patterns have revealed that all arthropod mandibles are
gnathobasic. As a result of these analyses, this feature (mandibular composition) can
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no longer be used to group myriapods and insects. Future investigations should shift
the focus to delineating the genetic mechanisms of structural development down to their
most specific events, encompassing regulatory mechanisms to the level of individual
target genes.

These detailed genetic networks can then be used to establish true

homologies of complex morphological traits such as tracheal systems and Malpighian
tubules.
1 INTRODUCTION
Arthropods represent the most diverse animal phylum and the origins of this vast
diversity have fascinated scientists for decades. Such high levels of morphological
variation have also enabled arthropods to successfully inhabit nearly every ecological
niche on earth. Although all arthropods share unifying features such as segmented
bodies, jointed appendages, and a hard exoskeleton, they also exhibit distinct
differences in the organization of their body plans. Based on these differences, we can
recognize four major extant arthropod lineages: chelicerates, myriapods, crustaceans
and insects. Even when these members of groups exhibit a shared feature such as a
defined head region, selection has acted to modify the structures rendering them unique
to each species in their respective sub-phyla. A full understanding of the origins of such
complexity has the potential to enhance our understanding of the relationships among
these main lineages.
For the past two centuries, arthropod phylogeny has been subject to vigorous
discussion. Traditionally, relationships between the different arthropod sub-phyla have
been primarily determined by analysis of fossil evidence and by comparison of adult
structures. Although all combinations of relationships among the four groups have been
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proposed at one time or another, only the mandibulate theory and the “TCC” view have
been seriously considered (Kukalova-Peck, 1992; Telford and Thomas, 1995). The
mandibulate theory unites the insects, myriapods, and crustaceans into the
Mandibulata, with trilobites and chelicerates branching off as basal lineages (Fig. 2.1A).
In contrast, the “TCC” view unites the trilobites, crustaceans, and chelicerates, thereby
separating them from the insects and myriapods. Although these two hypotheses differ
substantially, they share a close relationship between the myriapods and insects. The
grouping of the insects and myriapods as monophyletic is based on the presence of five
shared derived characteristics: a tracheal system, Malpighian tubules, absence of
appendages homologous to the second antennae of crustaceans, unbranched legs, and
a mandible composed of a whole limb (Manton, 1964). Based on these morphological
similarities, insects and myriapods were thought by (Sharov, 1966) to be sister groups
and united into Atelocerata.
In the past decade, this close relationship between insects and myriapods has
been challenged by molecularly based phylogenies (Boore et al., 1995; Cook et al.,
2001; Friedrich and Tautz, 1995; Gonzalez-Crespo and Morata, 1996; Kusche and
Burmester, 2001; Regier and Shultz, 1997).

In 1995, a pair of studies comparing

nuclear ribosomal gene sequences and gene rearrangements within mitochondrial
genomes concluded that insects may be a sister group to crustaceans (Fig. 2.1B), not
myriapods (Boore et al., 1995; Friedrich and Tautz, 1995). This finding attracted a lot of
attention, because it was the first in recent times to question the existence of
Atelocerata.

Subsequent analyses of mitochondrial gene rearrangements, and

additional sequence comparisons between both nuclear elongation factors and
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homeotic (Hox) genes, all strongly supported a close insect/crustacean relationship
(Boore et. al. 1998. Cook et. al. 2001, Reiger & Schultz 1997). These analyses also
suggested that myriapods and chelicerates may be sister groups (Fig. 2.1B).

This

second conclusion has been further corroborated by additional studies of a variety of
gene sequences (Cook et al., 2001; Friedrich and Tautz, 1995; Kusche and Burmester,
2001).
Despite intense research on resolving arthropod relationships, a universally
accepted phylogeny remained elusive. As is evident from the above summary, the
emerging view from molecular based phylogenies is in direct conflict with the previously
favored groupings, including the Atelocerata. This underscores the need to revisit the
various morphological traits/structures used to argue for traditionally assigned
homologies. The emerging field of evolutionary developmental biology (evo-devo) can
offer unique insight into the possible resolution of arthropod relationships by focusing on
developmental processes governing the formation of structure(s) under study.
Comparing these genetic mechanisms in a wide array of arthropod taxa can therefore
provide a significant contribution to the field of arthropod systematics.
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Figure 2.1. Two models of arthropod relationships. (A) Classical textbook model
with Insecta and Myriapoda forming “Atelocerata” (Brusca and Brusca, 1990). (B)
An emerging view based on recent molecular data (Boore et al., 1998; Hwang et
al., 2001; Kusche and Burmester, 2001).
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2 EVO-DEVO SUCCESS STORY: THE ORIGIN OF ARTHROPOD MANDIBLES
Arthropod mandibles are feeding appendages functioning as “jaws” and are used
to bite and chew food (Manton, 1964). The specific part of this appendage that directly
manipulates food (ie. limb base versus limb tip) has been used to support a close
phylogenetic relationship among myriapods, crustaceans, and insects. As shown in
figure 2.2A, mandibles can be composed of either a whole limb or the basal portion only
(Manton, 1964). The jaws of insects and myriapods have been considered to be whole
limbs (composed of both coxopodite and telopodite), manipulating food with the tip of
the appendage (Manton, 1964; Telford and Thomas, 1995). In contrast, crustacean
mandibles were thought to be gnathobasic (composed of coxopodite only), the result of
either a reduction or absence of the distal portion of the appendage (Manton, 1964;
Telford and Thomas, 1995). Thus, the structure of mandibles has been recognized as a
key morphological feature uniting insects and myriapods into Atelocerata (Sharov,
1966).
Because current molecular phylogenies do not support the Atelocerata concept,
there is an increasing need for a critical re-examination of traditionally assigned
character states (Boore et al., 1995; Cook et al., 2001; Friedrich and Tautz, 1995;
Kusche and Burmester, 2001; Regier and Shultz, 1997). In the case of mandibles, this
means to unambiguously determine which arthropods have a mandibular telopodite and
which do not. The principal limitation of the traditional approach is that it lacks an in
depth understanding of the developmental processes and genetic mechanisms
responsible for these differences. This may restrict our ability to fully elucidate the
evolution of a particular trait in the arthropod under study. The recent move to integrate
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the fields of evolutionary and developmental biology holds promise for overcoming this
problem. By using a set of novel molecular markers (cross-reacting antibodies to gene
products that regulate various developmental processes) and comparing their
expression patterns in developing animals, it is now becoming possible to better
understand the molecular basis, and hence, the origins of particular morphological
features.
In Drosophila melanogaster embryos and larval imaginal disks, both expression
and functional analyses have revealed that the gene Distal-less (Dll) is essential for
formation and development of the distal portion of all appendages (Gonzalez-Crespo
and Morata, 1996; Gorfinkiel et al., 1997). Moreover, subsequent comparative RNA
inhibition experiments have indicated that the function of Dll is conserved across
arthropods, from chelicerates to insects (Prpic et al., 2001; Schoppmeier and Damen,
2001). Of equal importance, a cross-specific antibody that recognizes the DISTALLESS protein has been used successfully to study the expression of this gene in a
variety of protostomes and deuterostomes (Panganiban et al., 1997; Popadic et al.,
1998a). Both its specificity to distal portions of the appendages and its broad crossreactivity make the Dll antibody an ideal molecular marker for delineating the true
composition of arthropod mandibles. Coupled with its conserved function, an analysis
of Dll expression provides a straightforward, unambiguous way of determining whether
the distal portion of an appendage is present or not. This is critically important if one
considers how difficult it is to infer the mandibular origins based solely on morphology.
As an illustration, the dissected adult insect and crustacean mandibles are shown in
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Figure 2.2. (A) A diagram depicting mandibular composition (whole limb vs. limb
base only). (B) Dissected adult mandibles of the pillbug, Armadillidium vulgare.
(C) Dissected adult mandibles of the firebrat, Thermobia domestica. In (B, C),
arrowheads point to dissected mandibular appendages.
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figures 2.2B and C. Even to a trained eye, these appendages appear very similar, and
yet, in the former, the mandible is thought to consist of a whole limb, whereas in the
latter it encompasses a limb-base only.
The developmental origins of arthropod mandibles have been the focus of
several recent studies (Grenier et al., 1997; Popadic, 1996; Popadic et al., 1998b;
Scholtz et al., 1998), and a summary of Dll expression patterns in representative
embryos of major arthropod groups is depicted in figure 2.3.

Among arthropods,

chelicerates have a unique body plan that lacks a defined “head” region (Brusca and
Brusca, 1990).

Instead, their bodies consist of an anterior prosoma that bears all

walking and feeding appendages, and a limbless posterior opisthosoma.

It is now

generally accepted that in other arthropod lineages, some of the appendages
corresponding to chelicerate walking legs have become incorporated into the head and
became transformed into mouthparts. As shown for spider embryos, all of the limbs of
the prosoma express Dll (Fig. 2.3A). This pattern persists throughout embryogenesis,
and continues even after dorsal closure, to the stage just before hatching, when
embryos resemble miniature adults (Popadic et al., 1998b).

Thus, based on Dll

expression, all six pairs of prosomal appendages are whole-limbs, consisting of both a
basal coxopodite and a distal telopodite. This finding suggests that the ancestral state
of all arthropod appendages (both walking and feeding) is of the whole limb type.
Among crustaceans, the vast majority of species undergo indirect development,
which consists of a succession of larval stages, usually beginning with a nauplius
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Figure 2.3. Expression patterns of Distal-less (Dll) in arthropod embryos. (A)
Spider Achaeranea tepidariorum; note that although chelicerates do not have
mandibles, it is thought that the pedipalpal segment (Pd) corresponds to it in other
arthropods (Weygoldt, 1979). (B) Pillbug, Armadillidium vulgare, a terrestrial
isopod. (C) Millipede Oxidus gracilis, inset shows an earlier stage of development.
(D) Firebrat, Thermobia domestica, a representative of a basal insect lineage.
Arrowheads point to mandibles in myriapod, crustacean and insect embryos. (E)
A diagram of Dll expression in the mandibular appendages in representative
embryos of major classes of arthropods. Filled rectangles depict high, continuous
expression of Dll from early to late development, whereas filled arrowheads
indicate reduction of Dll expression in later developmental stages. There are no
larval stages in chelicerates and myriapods. Modified from (Popadic et al., 1998b).
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(Schram, 1986).

These larvae are free living, feeding organisms that can be

morphologically quite different from adults.

Thus, if one is interested in adult

morphology, there is always the question of whether and how much a particular larval
feature contributes to adult form. Directly developing crustaceans, on the other hand,
hatch from the egg as miniature adults.

The nauplius and other larval stages are

suppressed or occur sequentially within the egg.

For this reason, studying directly

developing terrestrial species such as isopods provides a way to circumvent the
potential problem of larval/adult differences. Dll expression analysis in early embryos of
several directly developing crustaceans has shown a greatly reduced level of
mandibular expression when compared to that of the antennal and maxillary segments
(Popadic et al., 1998b; Scholtz et al., 1998). This is followed by a complete absence of
mandibular Dll expression (Fig. 2.3B) in later stages of development as the limb buds
begin to extend (Popadic et al., 1998b). Late nauplius larvae in indirectly developing
species also lack mandibular Dll expression (Popadic et al., 1998b). Together, these
observations provide strong evidence for the gnathobasic nature of mandibles in all
crustaceans.
As previously mentioned, it has long been recognized that both myriapods and
insects exhibit a mandible composed of both proximal and distal portions (Manton,
1964). If this is true, then Dll antibody staining in myriapod and insect embryos should
reveal Dll expression in the distal portion of the mandibular appendage.

In two

myriapod taxa studied, millipedes and centipedes, Dll expression can be observed in
mandibular primordia during early embryogenesis (Fig. 2.3C inset; (Grenier et al., 1997;
Popadic et al., 1998a; Popadic et al., 1998b; Scholtz et al., 1998).

However, as
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development progresses, the Dll signal gradually decreases (Popadic et al., 1998b). By
late embryogenesis, Dll cannot be detected in the tips of the mandibles, and with the
exception of a few cells in the middle, is essentially absent from the entire limb (Fig
2.3C).

The other appendages, however, continue to express Dll throughout

embryogenesis.

This difference in expression pattern suggests that millipede

mandibles lack, or have only a vestigial telopodite (distal tip).
Studies of Dll expression in insect embryos were equally revealing (Popadic et
al., 1998b; Scholtz et al., 1998). From those of basal lineages such as Thermobia
domestica (firebrats) to those of highly derived flies, there is a complete absence of Dll
expression in the mandibles (Fig. 2.3D). Furthermore, this lack of Dll expression is
observed from very early to late developmental stages, showing that Dll is never turned
on in these appendages.

Coupled with genetic analysis in Tribolium castaneum

embryos (Prpic et al., 2001), these data show that insect mandibles are missing the
distal part of the appendage. Therefore, the analysis of Dll patterns in embryos of
representative ateloceratan taxa have provided direct evidence that insect and
myriapod mandibles are lacking the telopodite and are gnathobasic.
Thus, in direct contrast with the traditional view, these comparative studies show
that adult mandibles of insects, crustaceans, and myriapods are gnathobasic (Popadic,
1996; Popadic et al., 1998b; Prpic and Tautz, 2003; Prpic et al., 2001). Also, the study
of expression of another appendage gene, dachshund (dac), recently provided
additional strong evidence for this new view. dac is required to establish the medial
portion of arthropod appendages (Prpic and Tautz, 2003), and consequently, is
expressed in the middle of whole-limb appendages such as legs. However, in
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mandibles dac is localized to the tip, exactly where expected if one assumes that the
telopodite is absent. Thus, as a direct result of expression analyses of developmental
genes such as Dll and dac, the structure of the mandibles can no longer be used to
unite insects and myriapods in Atelocerata to the exclusion of crustaceans.
3 ARTHROPOD APPENDAGES: EMERGING VIEW
Due to individual adaptations to a variety of functions, arthropods exhibit the greatest
amount of appendage diversity within the animal kingdom in terms of size, shape, and
leg anatomy (Beklemishev, 1964; Brusca and Brusca, 1990).

Traditionally, the

existence of shared derived anatomical features has been used to suggest closer
relationships within the arthropods. For example, one of the characteristics unifying
insects and myriapods into Atelocerata is the presence of unbranched (uniramous) legs,
which are anatomically distinct from the branched (multiramous) legs observed in a few
chelicerates and most crustaceans (Manton, 1964; Telford and Thomas, 1995). What
are the genetic underpinnings of this diversity? Results of recent molecular studies
provide a significant insight into the genetic basis of leg evolution in arthropods.
In the past two decades, through the efforts of numerous research groups, the
developmental mechanisms governing leg patterning in Drosophila imaginal disks have
been determined to a fairly detailed level (Abu-Shaar and Mann, 1998; Cohen et al.,
1989; Gonzalez-Crespo and Morata, 1996; Lecuit and Cohen, 1997; Mardon et al.,
1994).

Secretion of the signal molecules decapentaplegic (dpp) and wingless (wg)

acting in a combinatorial mode, activate various downstream genes across the proximodistal (PD) axis of the developing leg disc (Fig. 2.4A). High levels of dpp and wg
expression in the distal portion of the appendage activate Distal-less (Dll), thereby
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causing formation of the distal portion of the tibia, tarsus, and pre-tarsus (Cohen et al.,
1989; Gonzalez-Crespo and Morata, 1996; Lecuit and Cohen, 1997). Moderate levels
of dpp and wg in the medial portion of the leg activate dachshund (dac), a gene
responsible for formation of the femur, and proximal tibia (Lecuit and Cohen, 1997;
Mardon et al., 1994). The proximal portion of the developing appendage (coxa and
trochanter), is regulated through the effects of two other leg patterning genes,
homothorax (hth) and extradenticle (exd) (Lecuit and Cohen, 1997). A comparison
between the genes governing appendage development in embryos of the more basal
species such as cricket (Acheta domesticus) and the highly derived flies (D.
melanogaster) has revealed expression patterns and dynamics of these genes to be
highly similar (Abzhanov and Kaufman, 2000). In addition to this general conservation,
subtle differences have been observed in embryos of the flour beetle Tribolium
castaneum in which the dac/Dll region of overlap is much smaller than in Drosophila
(Prpic et al., 2001).

However, the overall basic expression patterns of the genes

determining the proximal, medial and distal portions of developing appendages
(hth/exd, dac and Dll, respectively) are a conserved feature throughout the insects.
This finding further indicates that the Drosophila PD axis patterning mechanism as a
whole (Fig. 2.4A) is conserved in most insects. Recent studies focused on determining
the expression of leg patterning genes in embryos of other arthropods (myriapods,
crustaceans, and chelicerates) indicate that PD axis patterning is generally conserved,
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Figure 2.4. (A) Generalized leg PD axis patterning in D. melanogaster (B)
Expression patterns of the four leg patterning genes in representatives of major
arthropod lineages. The generated summary of expression patterns is based on
the data from the following studies: (Abzhanov and Kaufman, 2000; Prpic et al.,
2003; Prpic and Tautz, 2003; Prpic et al., 2001). The question mark denotes
absence of data regarding hth expression in crustaceans. Abbreviations: Chl
(chelicerates), Myr (myriapods), Cru (crustaceans), Ins (insects), exd
(extradenticle), hth (homothorax), dac (dachshund), Dll (Distal-less).
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Figure 2.4
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although some individual species-specific differences occur (Abzhanov and Kaufman,
2000; Prpic et al., 2003; Prpic and Tautz, 2003; Prpic et al., 2001). It is now recognized
that PD axis patterning predates the evolution of arthropods (Prpic et al., 2003).
When the expression domains of the major leg patterning genes in the embryos
and larvae of various arthropods are compared, a number of similarities and differences
are detected. This is evident in figure 2.4B, which depicts the spatial expression of the
four leg patterning genes in representatives of the major arthropod groups during early
leg embryogenesis (approximately 30%).

A closer examination of Dll expression

reveals that insects exhibit a unique “ring and sock” pattern (Abzhanov and Kaufman,
2000; Popadic et al., 1998b). More specifically, the proximal domain of Dll expression is
confined to the proximal portion of the femur (ie. ring), while the distal domain
encompasses distal half of the tibia and the entire tarsus with the exception of the pretarsus (ie. sock). Consequently, there is a gap in expression between the tibia and
femur. Dll expression in myriapod embryos begins proximal to that of insects, and
encompasses the entire medial and distal portion of the appendage (Prpic and Tautz,
2003). Likewise, in chelicerate and crustacean embryos, Dll expression is present in all
podomeres except the most proximal (coxa in chelicerates; coxa and trochanter in
crustaceans) (Abzhanov and Kaufman, 2000; Grenier et al., 1997; Popadic et al.,
1998b). Collectively, these data suggest that Dll patterning is conserved throughout the
arthropods with a derived pattern in insects.
As previously mentioned, the dac gene specifies development of the medial
portion of appendages. As is evident in figure 2.4B, comparison of the dac expression
among representative embryos of the major arthropod groups yields two findings: (i)
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similarity between insects and crustaceans, and (ii) between myriapods and
chelicerates (Abzhanov and Kaufman, 2000; Prpic et al., 2003; Prpic and Tautz, 2003;
Prpic et al., 2001). In insect embryos, dac is generally expressed in the femur, tibia and
first tarsal segment (Prpic et al., 2001). In crustaceans, dac expression is confined to a
single medial segment known as the merus (Abzhanov and Kaufman, 2000). However,
in chelicerate and myriapod embryos dac expression is restricted to trochanter and
femur (Abzhanov and Kaufman, 2000). Thus, insects and crustaceans exhibit medial
dac expression, while myriapods and chelicerates have more proximal patterns. This
indicates that dac may serve as a good candidate gene for comparative studies of
arthropod development and has a potential to resolve further relationships between the
major groups. Future comparison of regulatory mechanisms controlling dac expression
in arthropod embryos could yield significant insights into the evolution of arthropod leg
patterning.
Throughout the investigated arthropod embryos, exd is one of two genes that are
responsible for the formation of the proximal portion of developing appendages.
Comparison of exd expression patterns among arthropods can be used to contribute
further to understanding of phylogenetic relationships. As is evident in figure 2.4B, the
expression boundaries of exd in crustaceans and insects are similar to each other, as
are those in chelicerates and myriapods.

In insects and terrestrial crustaceans

(isopods), exd expression starts proximally.

Later in development, exd expression

extends significantly more distally than in chelicerate and myriapod embryos (Abzhanov
and Kaufman, 2000; Prpic et al., 2003). Chelicerate exd expression is observed as a
single stripe in the medial portion of the developing appendage with a second, more
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proximal domain (Prpic et al., 2003). Myriapod expression is similar, but lacks the band
of medial expression (Prpic and Tautz, 2003). However, it is important to recognize that
the above data is based on expression at approximately 30% of development, when
specific leg segments are still unrecognizable in most arthropod embryos.
More precise data on exd expression in later developmental stages in which leg
segmentation is distinguishable has recently become available for several species (Fig.
2.5). Within the insects, two patterns have been detected: (i) in embryos of the more
derived, holometabolous insects such are Tribolium and Drosophila, exd expression is
ubiquitous, encompassing all podomeres, and; (ii) in those more basal, hemimetabolous
insects such as Acheta domesticus, exd expression is restricted to the coxa and
trochanter (Abzhanov and Kaufman, 2000). In crustacean embryos, exd expression is
also restricted to the coxa and basis (Abzhanov and Kaufman, 2000). Contrastingly, in
chelicerate embryos, the medial pattern of exd is found in a single stripe around the joint
separating the tibia and patella, with proximal expression confined to the proximal
portion of the coxa (Prpic et al., 2003).

The specific podomeres in which exd is

expressed in myriapod embryos has yet to be determined.

Although incomplete,

available data of exd expression has revealed a shared expression pattern in both basal
insects and crustaceans (Fig. 2.5). However, before any conclusions can be reached, it
is important that equally detailed exd expression studies be performed on additional
species throughout each subphylum, especially in myriapods.
Homothorax (hth), the last of the four major leg patterning genes to be discussed,
has been analyzed in all major arthropod lineages with the exception of the crustaceans
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Figure 2.5. Expression of extradenticle (exd) in specific leg podomeres during later
stages of development. Based on the data from (Abzhanov and Kaufman, 2000; Prpic
et al., 2003; Rauskolb et al., 1995). The question mark denotes the absence of
currently available information regarding exd expression in distinct leg segments in
myriapods. Abbreviations: Chl (chelicerates), Myr (myriapods), Cru (crustaceans), Ins
(insects), Ad (Acheta domestica), Tc (Tribolium castaneum), and Dm (Drosophila
melanogater).
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(Abzhanov and Kaufman, 2000; Prpic et al., 2003; Prpic and Tautz, 2003). Within the
chelicerates (Fig. 2.4B), hth expression is present throughout the appendage except in
the apex (Prpic et al., 2003). In contrast, insect hth expression is localized to the
proximal-most portion of each developing leg (Prpic et al., 2003). Myriapod expression
is intermediate to the other two patterns (Fig. 2.4B), extending more proximally than in
insects, but also retracting more distally than in chelicerates (Prpic and Tautz, 2003).
As illustrated in figure 2.4B, comparison of the mechanisms of spatial hth regualtion
between derived insect and the basal chelicerate embryos may provide a novel insight
into the evolution of PD axis patterning. Disparities observed between the two groups
could serve as meaningful reference points, with each difference representing two
extreme ends of a continuum. This can then be used to determine if crustacean hth
expression is similar to that of embryos of any other group or whether it is unique.
Based on data to date, it seems as if hth expression retracts in a proximal direction in
the embryos of the more recent arthropod taxa. This would suggest that the crustacean
hth pattern may be more similar to the situation observed in insects. However, as
previously stated, future detailed crustcean hth expression analyses will be essential in
order to make such an inference.
The emerging view from the above comparative analyses indicates that studies
of appendage development have a potential to provide a significant, in-depth
understanding of appendage evolution in arthropods. Whereas the genes responsible
for PD axis specification are generally conserved, there is also a fair amount of variation
in their expression domains, and consequently, their regulation. Some of this variation,
as is the case with the “ring and sock” pattern of Dll in insects (fig. 2.4B), is unique to a
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particular lineage and would have no phylogenetic relevance. At the same time, the
evo-devo studies have revealed a presence of shared variation in the observed
expression patterns. For example, exd is localized in the first two leg podomeres in
both basal insects and crustaceans (Fig. 2.5). dac expression patterns are also highly
similar between insects and crustaceans, and quite different from that observed in
myriapods (Fig. 2.4B). While highly indicative, these results also require a much better
understanding of the origins of variation in gene regulation that exist in nature. To
address this question, future evo-devo studies should shift focus from the gene
expression analyses to the elucidation of the actual genetic mechanisms that govern the
observed changes. Such research endeavors would not be trivial, but if they reveal a
common regulatory mechanism, it would add a significant, independent support for a
close relationship between insects and crustaceans.
4 NEXT CHALLENGE: ORIGINS OF COMPLEX FEATURES SUCH AS TRACHEAL
SYSTEM
Tracheal systems in most arthropods comprise of a branching network of tubules
that facilitate gas exchange in a terrestrial environment. The presence of a tracheal
system also serves as an important phylogenetic character, as reflected in the name
Tracheata which is also used to describe the assembly of insects and myriapods
(Brusca and Brusca, 1990; Kraus and Kraus, 1994). As previously mentioned, recent
molecular evidence argues against this concept, suggesting instead that insects are
more closely related to crustaceans (Boore et al., 1995; Friedrich and Tautz, 1995;
Hwang et al., 2001).

The former implies the homology of tracheae in insects and

myriapods and thus a single origin in a common ancestor, whereas the latter suggests
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that these systems evolved independently.

Distinguishing between these two

hypotheses can be greatly facilitated by the understanding of the developmental basis
and genetic architecture of arthropod tracheogenesis.
The respiratory system in most insects consists of a network of branched epithelial
tubes ramifying throughout the body. The branching structure is organized in three
levels: primary, secondary and terminal (Ohshiro et al., 2002; Sutherland et al., 1996).
The terminal branches end close to or within tissues, directly delivering oxygen to and
removing carbon dioxide from them (Brusca and Brusca, 1990).

The system is

bilaterally symmetrical, although each individual tube may be of different length and/or
diameter. The cellular mechanisms of tube formation have been shown to differ in each
of the three stages of branching (Ohshiro et al., 2002; Sutherland et al., 1996). The
myriapod tracheal system is morphologically similar to that of insects, although some
differences exist. Among the main myriapod lineages, most of Chilopoda (centipedes)
have branched trachea, whereas most of Diplopoda (millipedes) have segmental
clusters of unbranched respiratory tubules (Hilken, 1997; Snodgrass, 1935). Insight of
tracheal systems in chelicerates is primarily based on studies of spiders.

Only

advanced spiders have one or two pairs of tubular tracheae which can branch
throughout the body (Foelix, 1996).

Furthermore, some species possess only very

short tubes, while others have highly branched tubes that pervade the prosoma and
even the extremities. Most crustaceans are marine and use gills for gas exchange.
However, terrestrial forms are characterized by the presence of thin-walled, blind ending
sacs (pseudotracheae) in which the diffusion of gasses transpires. In summary, the
presence of some form of tracheae is not restricted to insects and myriapods, and such
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structures are found in other terrestrial arthropods (eg. arachnids) and even
onychophorans. This fact highlights the need to obtain the detailed understanding of
the molecular aspects of tracheogenesis in order to discuss the origins of tracheal
systems in various arthropods.
The Drosophila tracheal system is the only one within the arthropods with its
developmental genetic basis thoroughly studied. In the past decade, these studies
have identified key genes essential for tracheogenesis in this insect. As illustrated in
figure 2.6, tracheogenesis is initiated when protein kinase B (PKB) interacts with
trachealess (trh), a gene encoding a bHLH-PAS transcription factor (Jin et al., 2001).
Embryos in which trh has been knocked out never experience the initial invagination
event, resulting in the ectodermal cells of the tracheal placode remaining at the surface
and with no formation of a tracheal system (Jin et al., 2001). Ventral veinless/drifter
(vvl/dfr), another gene which encodes the POU-domain transcription factor CF1a, is
also required for tracheogenesis (Bradley and Andrew, 2001). The transcription factors
encoded by both trh and vvl/dfr then directly regulate the activation of branchless (bnl),
an insect fibroblast growth factor (FGF) homolog (Bradley and Andrew, 2001;
Sutherland et al., 1996). Branchless then directly activates the gene breathless (btl)
whose effects are essential for primary branch formation (Bradley and Andrew, 2001;
Ohshiro et al., 2002; Sutherland et al., 1996). Mutations of btl in embryos result in a
fully internalized but undifferentiated sac of ectodermal cells (Ohshiro et al., 2002).
Recently, it has been found that the decapentaplegic (dpp), epidermal growth factor
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Figure 2.6. Genetic regulation of tracheogenesis in D. melanogaster, based on
data from (Bradley and Andrew, 2001; Jin et al., 2001; Ohshiro et al., 2002;
Sutherland et al., 1996).
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receptor (EGFR) and wingless (WG/WNT) signaling pathways also affect primary
branching by aiding the specific migration of primary branches (Bradley and Andrew,
2001). While expression of additional genes are required for proper tracheogenesis, it
is the effects of trh and vvl/dfr that drive the cascade of events (Fig. 2.6). Due to the
close similarity of tracheal structure and function in the vast majority of other insects, the
Drosophila respiratory system can likely serve as a model representing tracheal system
development in all insects. It is this level of understanding that needs to be achieved for
tracheogenesis in other arthropod embryos.
The research on tracheal structure and function represents a well studied aspect
of arthropod biology which has been treated in great detail by a number of authors
(Dohle, 1985; Fahlander, 1938; Hilken, 1997).

For the purpose of this article, it is

sufficient to say that there is a diversity of views with regard to tracheal origins. These
views range from strongly supportive of the single origin in insects and myriapods
(Wagele and Stanjek, 1995) to ones postulating that tracheae originated independently
at least four (Kraus, 1998), and perhaps as much as six times (Dohle, 1988). We may
begin to resolve these conflicting views by assessing the complexity of the molecular
regulation used to develop a system of invaginated ectodermal tubes with respiratory
function.

By this we mean characterizing the genes and their interactions in the

pathway, and assessing their presence or absence in diverse taxa. Are all the genes
present in all taxa, and hence ancestral?
developmental contexts or are they novel?

Are parts of the pathway used in other
It must be recognized that it is now

generally accepted that morphological novelties arise by the tinkering of already existing
developmental machinery, and not by generating developmental networks de novo
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(Wilkins, 2002b). For example, development of both the Drosophila tracheal system
and mammalian lungs is partly regulated through the same signaling pathway
suggesting a common scheme for patterning branching morphogenesis (Metzger and
Krasnow, 1999).

Thus, it is likely that some similarities will be observed when

comparing details of insect and myriapod tracheogenesis. Nevertheless, we should still
be able to detect an appreciable degree of regulatory differences if these groups are not
sister taxa. The opposing view, favoring Atelocerata, could also be further tested by
studying genetic mechanisms of tracheogenesis in chelicerates such as spiders. This is
because advanced spiders posses a tracheal system that is evolutionarily distinct from
the ones present in insects and myriapods. Thus, similarities observed between the
chelicerate and insect/myriapod systems can be attributed to developmental
canalization. Any remaining similarities between insects and myriapods would then
likely reflect common ancestry. Future evo-devo studies of this kind have a potential to
elucidate the origins of arthropod tracheal systems.
5 CONCLUSION
In the past decade, primarily by comparing gene expression patterns, the field of
evolution of development has offered a new insight into the evolution of arthropod body
plans. With regard to arthropod systematics, several highly focused investigations have
now revealed that all adult arthropod mandibles are gnathobasic in nature (Grenier et
al., 1997; Popadic et al., 1998b; Scholtz et al., 1998). As a consequence, this character
(mandibular composition) can no longer be used to group insects and myriapods
together to the exclusion of crustaceans.

Another recent study comparing brain

morphologies has provided new insight into the phylogenetic position of another
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arthropod, that of remipede crustaceans. Since their discovery in 1979, remipedes
were considered a basal, proto-crustacean lineage (Schram, 1986). However, it has
now been revealed that the remeipede brain is highly organized and well differentiated
at a level of complexity matched only by the brain of “higher” crustaceans
(Malacostraca) and Hexapods (Fanenbruck et al., 2004).

This surprising result

therefore argues in favor of a remipede-malocostracan-hexapod clade. Collectively,
these studies highlight the potential of utilizing novel approaches to help further clarify
arthropod relationships.
Our motivation for writing this article was to provide a brief, “evo-devo centric”
perspective on how to resolve the issue of homologies of morphological traits that have
been traditionally used in arthropod systematics.

As more data emerges, the

complexity of the developmental mechanisms governing the formation of various
arthropod features (such as tracheae and malpighian tubules) has become much more
apparent. As exemplified by appendage development, the genetic cascade of events
responsible for structural formation is known to include many target genes and
numerous regulatory events. It is therefore necessary that future studies of evo-devo
reach beyond the comparison of expressional domains of just key genes and instead
focus on delineating these developmental pathways in their entirety.

Only by

determining the genetic mechanisms of structural development down to their lowest
levels (encompassing specific regulatory events, target genes, etc.) in key taxa, will we
be able to reach a true understanding of the orgins of the key morphological features in
arthropods.
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Abstract
Although the expression of the POU homeodomain gene nubbin (nub) has been
examined in several arthropod species, its function has been studied only in Drosophila.
Here, we provide the first insight into functional roles of this gene in a hemimetabolous
insect species, Oncopeltus fasciatus. The analysis of its function using RNAi resulted in
the altered morphology of antennae and labial tubes in the head, legs in the thorax, and,
most notably, the growth of ectopic appendages originating from abdominal segments
A2-A6. This change in the morphology of the abdomen can largely be attributed to the
altered expression patterns of two hox genes, Ubx and abd-A, in RNAinub embryos.
First, abd-A expression is completely abolished in A3-A6.

Second, weak Ubx

expression expands posteriorly to encompass novel domains in A2 and A3.
Concomitant with these changes, limbs on A2 and A3 are small and less developed,
while limbs on A4-A6 are large thoracic-like legs. These results show that nub function
is necessary for normal abd-A expression and thus plays a critical role in suppressing
leg formation on the abdomen. The loss of this regulation leads to up-regulation of Dll,
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and subsequent development of appendages.

In Drosophila, however, abd-A

expression is unaffected in a nub-depleted background, indicating that no such
regulatory relationship exists between these two genes in the fruit fly.

These

differences reveal that variation exists in the genetic mechanisms that maintain an
ancient insect feature, the limbless abdomen.
Introduction
nubbin (nub) encodes a member of the POU homeodomain family of
transcription factors that has multiple functions in development (Anderson et al., 1995;
Billin et al., 1991; de Celis et al., 1995; Ryan and Rosenfeld, 1997; Yeo et al., 1995).
Although nub expression analyses have been performed in several arthropod species,
data of nub function is limited to Drosophila. These functional assays indicate that in
fruit flies, nub plays a role in wing development, maturation of neuroblast cells, and
abdominal development (Bhat and Schedl, 1994; Cifuentes and Garcia-Bellido, 1997;
Mirth and Akam, 2002; Neumann and Cohen, 1998; Ng et al., 1995; Rauskolb and
Irvine, 1999). Expression analyses in more basal arthropod lineages have shown that
nub is largely localized in the respiratory organs and spinnerets of chelicerates and in
the distal epipodite of the multi-branched thoracic limbs of crustaceans (Averof and
Cohen, 1997; Damen et al., 2002). In addition, nub has been used as a marker gene to
further support the hypothesis that insect wings may have originated from the gill-like
appendages of a common aquatic ancestor (Averof and Cohen, 1997). Finally, a recent
examination of nub expression in hemimetabolous insect species revealed novel,
species-specific patterning in appendages such as mouthparts and legs, suggesting
that nub may play an important function in the morphological evolution of these
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structures (Li and Popadic, 2004). The existence of several, novel expression domains
indicate that nub may have evolved a variety of developmental roles in arthropods.
However, at present there is a large gap in our understanding of nub function since
experimental analyses are limited to Drosophila only.
In order to bridge this current lack of knowledge, we performed a detailed
analysis of nub expression and function in the hemimetabolus species Oncopeltus
fasciatus (milkweed bug).

Unlike holometabolus insects such as Drosophila,

hemimetabolous insects hatch out from the egg as first nymphs that resemble miniature
adults except that they are sexually immature and lack wings. Therefore, embryonic
expression patterns can be directly associated with the development of specific
morphological features. In the present study, we extended our previous analysis (Li and
Popadić , 2004) by focusing on earlier embryonic stages. At the pre-germband stage
(approximately 10% development), nub is expressed in a broad gap-like domain in the
abdomen reminiscent of the situation observed in Drosophila.

At slightly later

developmental stages, nub can be detected in all developing appendages. However,
the spatial patterns change over time and the subsequent expression observed in the
appendages is specific to Oncopeltus. These data point to possible roles in abdominal
and appendage development in this species. The functional aim of this study further
addressed these putative roles and confirmed that nub does indeed play integral roles
in a variety of insect specific features including mouthpart formation, thoracic leg
patterning, and the establishment of the limbless insect abdomen. Furthermore, abd-A
expression is lost in the posterior abdominal segments A3-A6 in RNAinub Oncopeltus
embryos, indicating that nub positively activates abd-A in these segments.

This
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regulatory relationship is not present in Drosophila, as nub-depleted embryos exhibit
normal abd-A patterning. This difference points to the appreciable level of variation that
may exist in the regulation of the formation of an ancestral insect feature (limbless
abdomen).
Materials and methods
Generation of cDNA, dsRNA, and probes
A previously described Oncopeltus nub clone (Li and Popadic, 2004) was used
as a template to generate a 444bp dsRNA transcript. This fragment consists of the
highly conserved 5’ POU homeodomain, a hypervariable linker region, and the 3’
homeodomain. We also sub-cloned a 246 bp nub fragment that excluded the 5’ domain
and encompassed the hypervariable linker and 3’ homeodomain only. Our analysis
showed that while both nub dsRNA transcripts yielded comparable results, the shorter
3’ fragment produced phenotypes with less variation. To address the possibility of nonspecific or off-target effects, we injected a 375 bp fragment of GFP dsRNA from jellyfish
into the abdomens of fertilized Oncopeltus females. All 924 resulting first instar nymphs
were indistinguishable from wild type, suggesting that the observed RNAinub
phenotypes are not due to non-specific effects.
Oncopeltus cDNA fragments of Ubx and abd-A were independently cloned using
specific primers according to previously published sequence data. Briefly, the cloned
cDNA fragments of nub, Ubx, and abd-A were used as templates to synthesize both
sense and anti-sense RNA transcripts with the Megascript kit (Ambion).

The two

strands were annealed by mixing equal molar amounts and running a PCR-type
reaction that started at 85º C and then slowly cooled to 4º C. All RNA probes were
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generated using Promega’s Riboprobe Kit with digoxigenin-UTP (Roche), following
purification with a Mini Quick RNA column (Roche).
In situ hybridization and immunostaining
Because the effects of RNAi were more extreme (nearly 100% knockdown) after
the first two clutches, embryos were sampled at different stages of development from
the third clutch onwards. Embryos were obtained using two different methods: (i) hand
dissection from their chorions and extraembryonic membranes, fixed in 4%
paraformaldehyde in PBT for 30 minutes, and stored in MeOH at –20°C or (ii) using a
1:1 heptane:methanol solution to chemically crack the chorions as previously described
(Liu and Kaufman, 2004).

The in situ hybridization procedure was based on the

protocol described in Li and Popadić (2004). Distal-less (Dll) expression was detected
by the antibody originally produced and characterized by Panganiban et al. (1995). The
antibody staining procedure was based on the protocol described in Mahfooz et al.
(2004).
For staining of Drosophila embryos the following antibodies were used: anti-Nub
(donated by S. Cohen), FP 6.87 anti-Ubx/anti-abd-A (donated by R. White), anti-beta
gal (Sigma, cat. #94644), and anti-abd-A (Santa Cruz Biotechnologies, cat. #27063).
Images were taken using a Zeiss confocal microscope and processed with Adobe
Photoshop.
Fly stocks
Wild-type, nub and Df(2L)GR4 mutant embryos were collected at intervals of 4-8
hours, and stained following standard Drosophila procedures. nubE37 embryos were
obtained from layings from a stock nubE37/CyO-ftzlacZ (Bloomington Stock Center) and
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identified by the absence of lacZ by an anti-Beta-gal staining. Df(2L)GR4 homozygous
embryos were obtained from a stock Df(2L)GR4/CyO (Bloomington Stock Center) and
identified by the absence of Nub protein expression. The presence of the mutations
was tested in a cross nubE37/CyO x Df(2L)GR4/CyO and in crosses with the larger
deficiency Df(2L)prd1.7 which covers Df(2L)GR4 and also removes nub and pdm2.
Parental RNAi methodology
In order to analyze nub function, we followed parental RNAi (pRNAi)
methodology developed in Oncopeltus (Liu and Kaufman, 2004). Whereas the original
report utilized virgin females, we found that freshly fertilized females were more
receptive to the pRNAi process, and yielded more robust collections of eggs that
persisted with near 100% penetrance from clutch 3 on.

Approximately 3-4uL of a

2ug/uL solution of dsRNA was combined with an inert colored dye and injected into the
abdomens of fertilized females using Hamilton syringes (cat. #84853). Eggs were then
subsequently collected and allowed to develop until embryogenesis ceased to persist
(≈95% development). At this point, the eggs were opened manually and the progeny
was scored for RNAinub phenotypes.

A total of 713 embryos were examined and

placed into one of three different classes based on their phenotypic severity (Class I is
weak, Class III is severe). Embryos from different clutches were scored separately to
assess the penetrance of the pRNAinub phenotypes (Fig 3.2A).
Results
nub mRNA expression patterns during Oncopeltus development

The general pattern of nub expression in Oncopeltus has been recently described (Li
and Popadić , 2004), and focused on mid to late embryonic stages. In this study, we
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aimed to complement these previous findings by including earlier embryonic stages in
order to provide a more in depth understanding of the dynamics of nub expression
throughout development. At 10% development, nub is expressed in a broad stripe in
the posterior portion of the embryo that corresponds to the future abdominal region (Fig.
3.1A). Later, at 25% development, nub is ubiquitously expressed throughout all the
head and thoracic limb buds with varying levels of intensity (Fig. 3.1B).

In the

developing head region, the antennae exhibit the strongest nub expression, the
mandibular and maxillary appendages have a weak diffuse expression, and the labium
has a moderate signal. All three pairs of thoracic limb buds also exhibit strong nub
expression that is comparable to the level observed in the antennae. In the abdominal
region, nub is expressed as paired clusters of cells medially located with a larger cluster
in A1 and smaller clusters in A2-A6. At 30% of development, nub expression in the
gnathal appendages strengthens and remains throughout the developing thoracic limb
buds (Fig. 3.1C). Note that closer examination shows that the nub signal is localized
proximally as a strong band that diffuses toward the distal leg region (Fig. 3.1C inset).
At 45% of development nub signal further differentiates in the gnathal appendages.
Also, in the legs there are two distal bands of expression that are connected in the
middle, forming a letter H-like pattern and a novel pattern in the CNS (Fig. 3.1D; (Li and
Popadic, 2004). Overall, the observed expression patterns of nub point to putative
functional roles in the antennae, all gnathal and thoracic appendages, and the
abdominal region in Oncopeltus.
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Figure 3.1. nub transcript expression in Oncopeltus fasciatus embryos. (A) At
approximately 10% development, nub is detected in a gap-like pattern that corresponds
to the future anterior abdominal region. (B) During germband elongation (25%), nub is
expressed in all limb buds with varying levels of intensity. The signal is also detected in
A1 and as paired clusters of cells in abdominal segments A2-A6. An, antennae; Mn,
mandibles; Mx, maxillae; Lb, labium; T1, first thoracic segment. (C) nub expression at
approximately 30% development. The signal intensifies in the antennal and gnathal
appendages while remaining throughout these limbs. The thoracic legs have a strong
proximal band of nub expression that diffuses distally. (C, inset) Close-up of the T3
limb bud of the embryo shown in (C) with an arrowhead pointing to the strong proximal
band of nub expression. (D) At approximately 45% development, the patterns of nub
further differentiate in the gnathal and thoracic appendages. The legs have two distal
bands of expression that are connected in the middle, forming a letter H-like pattern.
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RNAi nub embryos demonstrate alterations in the morphologies of the head and
thoracic appendages
We employed pRNAi to analyze nub function in Oncopeltus. Similar to the situation
seen in Drosophila (Bhat and Schedl, 1994), nub-depleted embryos are embryonic
lethals completing about 95% of development. These embryos exhibited a large degree
of variation and severity that ranged from weak (class I) to strong (class III). Briefly,
class I embryos had small, subtle morphological changes in the labium and legs
compared to wild type coupled with the presence of stubby outgrowths of tissue on
segments A2-A6. Class II embryos exhibited a more moderate phenotype, with shorter
labial tubes and some T2 and T3 legs more gnarled in appearance compared to class I.
The abdominal region of these embryos had a stubby outgrowth of tissue on A2 (similar
to class I), and small appendages on A3-A6. Finally, class III embryos demonstrated
severely shortened labial tubes with all three pairs of thoracic legs shortened and
extremely gnarled. The abdomens of these embryos differed from the other two classes
by having long, well defined thoracic-like legs on A4-A6 (compare panels in Fig. 3.2B-C
vs. Fig. 3.2B’-C’). In all three classes of embryos, the A1 segment never outgrew any
type of appendage and looked similar to wild type. In addition, some of the class III
RNAinub embryos had different phenotypes on the left and right sides of the same
individual. A similar situation has been previously reported in crustaceans and may be
due to the strong stochastic element that exists in RNAi transformations (Copf et al.,
2006).
In this study, we mainly focused on the class III mutant phenotype, utilizing these
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Figure 3.2. RNAinub phenotype. (A) Percentages of the distribution of the three
different classes of RNAinub phenotypes per clutch. The lack of signal in RNAinub
embryos indicates that this gene has been completely depleted (inset, right). (B-C)
Lateral and ventral view of wild type Oncopeltus embryos at approximately 95%
development. (B’-C’) Corresponding lateral and ventral view of similarly staged
RNAinub embryos. (D) Dissected antennae of wild type (upper) and RNAi embryos
(lower). Sensory bristles are present in the former, but are absent in the latter. (E)
Dissected labial tubes of wild type (upper) and nub-depleted (lower) embryos. RNAinub
labial tubes are shorter and have a patch of tissue emanating from the proximal portion
of the distal-most segment (indicated by arrowhead). (F) Dissected T2 legs of wild type
(upper) and nub-depleted (lower) embryos. RNAinub legs are shorter due to the
reduction in the length of the femur. The femur has a “swollen” phenotype giving it a
puffy appearance. Abbreviations: Fe, femur; Ti, tibia. (G) Dissected ectopic abdominal
limbs of an RNAinub embryo. The A2 and A3 appendages are short, stubby limbs while
A4 and A5 are thoracic-like legs. A6 is moderate in length and has more of a gnarled
phenotype.
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Figure 3.2
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embryos to compare to wild type at similar stages of development. The proportion of
the three different classes per clutch are represented in Fig. 3.2A.

Clutch 1 embryos

were almost exclusively wild type while clutch 2 exhibited a mix of both wild type (20%)
and nub depleted phenotypes (80%). From clutch 3 on, all embryos were nub depleted
with the class III phenotype being the most prevalent. To examine the efficiency of RNA
interference, we tested for the presence of nub mRNA in embryos randomly collected
from clutches 3 and on.

These embryos showed no staining, indicating that the

observed phenotypes can indeed be attributed to the absence of nub (inset, Fig. 3.2A).
Consistent with the expression analysis, nub depleted embryos exhibited distinct
phenotypes in all three main body regions, the head, thorax, and abdomen (Fig. 3.2BG). The antennae and the labial tube are the most overtly affected appendages in the
head region.

While RNAinub antennae are structurally similar in both length and

segmentation compared to wild type, they lack the sensory bristles important for tactile
sensation (Fig. 3.2D).

As inferred from Drosophila studies, this phenotype is likely

related to the role of nub in nervous system development (Dick et al., 1991; Yeo et al.,
1995).

We could not determine the role of nub in the developing mandibular and

maxillary appendages because these structures are extruded only upon hatching.
Since RNAinub embryos do not complete embryogenesis, it is not feasible to score the
resulting phenotype.

The labial tube of nub-deficient embryos exhibits an overall

shortening with the distal-most segment bearing a small outgrowth of tissue emanating
from the proximal portion (arrowhead, Fig. 3.2E).

This tissue outgrowth tightly

correlates with the observed nub expression pattern in later developmental stages (Li
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and Popadic, 2004). Thus, nub has roles in both the sensory (antennal bristles) and
structural (labial tube) development of the head appendages in Oncopeltus.
The growth and development of all three pairs of thoracic legs were affected in
our functional analysis (Fig. 3.2F).

RNAinub legs are shorter primarily due to the

reduction in the length of the femoral segment. In addition, the femur is also wider as
compared to wild type resulting in a puffy, “swollen”, appearance. The tibial and tarsal
segments were unaffected, demonstrating a wild type like appearance. nub has no
identifiable effect on segmentation, as all the joints are present in the legs of RNAinub
embryos. Hence, our results suggest that nub directs the proper growth of the femur
and has no effect on more distal leg segments. This phenotype is consistent with the
observed expression in leg buds (Fig 3.1C, inset) that is characterized by strong nub
signal in the proximal region and an absence of expression in the distal-most region.
RNAinub causes the growth of ectopic appendages on the abdomen
The most noticeable feature of nub-depleted embryos is the growth of ectopic
appendages on abdominal segments A2-A6 (Fig. 3.2B’-C’).

This phenotype is

consistent with the early abdominal expression of nub (Fig. 3.1A). The A1 segment in
all RNAinub embryos has a normal morphology, devoid of any limbs. The appendages
on A2-A6 however, differ considerably in size and morphology (Fig. 3.2G). The A2
segment bears a short, stubby appendage that does not exhibit any leg-like
morphological characteristics such as claws and segmentation. The A3 appendage has
a defined proximal coxapodite and distal telopodite complete with claws.
appendages on A4 and A5 are both leg-like with visible segmentation and claws.

The
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Figure 3.3. Expression patterns of Dll, Ubx and abd-A in RNAinub embryos. (A) Dll
expression in wild type (left) and RNAinub (right) embryos. In contrast to wild type,
ectopic Dll expression is detected in the appendages on segments A2-A6. (B) Ubx
pattern in wild type (left) and nub-depleted (right) embryos. Early wild type Ubx
expression occurs in the A1 segment only. In RNAinub embryos, Ubx expression
expands posteriorly to encompass novel domains in abdominal segments A2 and A3.
(B, inset) Close up of Ubx expression in A1-A3 segments. (C) abd-A expression in wild
type (left) and RNAinub (right) embryos. abd-A signal is observed from posterior portion
of A2 to A8. This expression is completely lost in abdominal segments A3-A6 in
RNAinub embryos.
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Compared to A4 and A5, A6 is slightly shorter, bears claws, and is typically gnarled.
These results show that nub plays a role in the establishment of the limbless abdomen
in Oncopeltus.
Regulatory role of nub in the formation of the limbless abdomen
Previous studies have established that Distal-less (Dll) governs the outgrowth of
the distal portion of all appendages in arthropods (Cohen et al., 1989; Panganiban et
al., 1994; Panganiban et al., 1995; Popadic et al., 1998b; Schoppmeier and Damen,
2001).

Therefore, the presence of abdominal limbs in nub-depleted Oncopeltus

embryos indicates that Dll regulation may have been altered. In the abdomen of wild
type embryos, Dll is only observed in the A1 pleuropodia (Fig. 3.3A, left). However,
nub-depleted embryos show a novel Dll signal from A2-A6 (Fig. 3.3A, right) indicating
that this gene has been up-regulated. In Drosophila, the homeotic genes Ubx and abdA suppress Dll in the abdominal region, making them primary candidates responsible for
the observed changes in Dll expression (Castelli-Gair and Akam, 1995; Galant and
Carroll, 2002; Ronshaugen et al., 2002; Vachon et al., 1992; Warren and Carroll, 1995).
To further examine this possibility, we tested for the presence of both Ubx and abd-A in
nub-deficient embryos. In early developmental stages, Ubx is expressed in the A1
segment only (Fig. 3.3B, left). It is not until later in development that this signal weakly
expands to the more posterior abdominal segments and adopts a “band” like pattern in
the T3 leg (Angelini et al., 2005; Mahfooz et al., 2007). In similarly staged nub-depleted
embryos, Ubx is still dominantly expressed in A1 (Fig. 3.3B, right). However, the signal
has now expanded posteriorly and can be detected in the next two abdominal segments
(inset, Fig. 3.3B, right). The A2 segment exhibits a moderate Ubx signal, while A3 is
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much weaker and more diffuse. A second, different result was observed with regard to
the pattern of abd-A. In wild type, abd-A is expressed throughout the posterior portion
of A1 and extends posteriorly to A8 (Fig. 3.3C, left).

In RNAinub embryos, abd-A

persists in the posterior portion of A1 and throughout A2, while it is completely lost in
A3-A6 (Fig. 3.3C, right). Thus, in RNAinub embryos: (i) abd-A expression is lost in
abdominal segments A3-A6; (ii) Ubx expression is unaltered in A1 and has expanded
posteriorly to encompass novel domains in A2 and A3. This result implies that nub
function is necessary for proper abd-A expression in A3-A6 in Oncopeltus.
nub-depleted Oncopeltus embryos never bear any type of limb on A1, likely due
to the continuous repression of Dll by Ubx in this segment.

However, abdominal

segments A2-A6 do bear appendages that differ considerably in size and development.
As depicted in Fig. 3.2G, A2 exhibits short stubby appendages, A3 has slightly larger
limbs, A4-A6 have thoracic-like legs.

This morphological gradation of abdominal

appendages may be accounted for by the altered expression of Ubx and abd-A in
RNAinub embryos.

In A2, both Ubx and abd-A are co-expressed and may act in

tandem to suppress the majority of Dll upregulation in this segment. This can account
for the small limb present on this segment. In A3, only weak Ubx expression is present,
while abd-A has been completely abolished resulting in more Dll upregulation as
compared to A2. Consequently, a larger, more developed appendage emerges from
this segment (A3). The appendages on A4-A6, however, are rather large limbs that
exhibit leg-like features such as presence of all segments and claws (Fig. 3.2G). The
femurs of these abdominal limbs appear to be shortened and swollen in a similar
fashion as observed in RNAinub thoracic legs.

However, the degree of actual
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shortening is difficult to fully assess due to the curling of these appendages.

The

presence of these larger leg-like appendages can be accounted for by the absence of
both abd-A and Ubx in these segments. With neither of these genes present, Dll should
be fully upregulated and will in turn cause the outgrowth of larger appendages. Thus,
these data suggest that Ubx and/or abd-A suppress appendage growth on A2 and A3 of
RNAinub embryos, and the degree of suppression depends on the amounts of Ubx
and/or abd-A present in these segments.
To further determine the role of Ubx and abd-A in RNAinub embryos, we
performed two sets of experiments (Fig. 3.4). In the first analysis, both nub and Ubx
were depleted concurrently.

In addition to the morphological changes already

associated with the single RNAinub injections, this analysis should result in visible
phenotypic effects in the A1 and A2 segments. In A1, the depletion of strong Ubx
expression should cause the development of an ectopic limb on this segment. In A2,
the loss of Ubx signal (Fig. 3.3B) should result in only a slight modification of the already
existing appendage (due to the continuous presence of abd-A in this segment). Note
that the A3 appendage should be relatively unaffected, since only a weak level of Ubx is
being depleted. The functional results confirmed these expectations (Fig. 3.4B). In
double RNAinub/Ubx embryos, we now see a small, non-segmented appendage with
claws on A1 (compare Figs. 3.4A’ vs. 3.4B’, arrowheads). In a similar fashion, the A2
appendage becomes longer in length and is comprised of a single podomere that has a
distinct claw (Fig. 3.4B’, asterisk). As predicted, the A3 limb is only slightly affected,
with little distinguishable phenotypic change. Thus, this result corroborates our
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Figure 3.4. Comparison of single, double, and triple RNAinub phenotypes in
Oncopeltus. (A) Lateral view of an RNAinub embryo. Note the absence of appendages
on the A1 segment and a small limb on A2. (A’) Close-up of the anterior abdomen of
the embryo depicted in (A). (B) Lateral view of a double nub/Ubx RNAi embryo. (B’)
The A1 segment now exhibits a small appendage and the A2 limb is more defined and
has claws. (C) Lateral view of a nub/Ubx/abd-A triple RNAi embryo. (C’) A small
appendage persists on the A1 segment suggesting that another gap gene may have an
affect on its development. However, the A2 limb is now much longer and is a thoraciclike leg. In panels (A’-C’), arrowheads point to the A1 segment while an asterisk
denotes the A2 appendage.
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prediction that the posterior expansion of Ubx is acting to modify the anterior abdominal
appendages in single RNAinub embryos. In the second analysis we did a triple RNAi
experiment in which nub, Ubx, and abd-A were depleted simultaneously (Fig. 3.4C).
These resulting embryos should display effects similar to ones observed in the previous
double analysis with additional changes in the A2 appendage. This is because abd-A
expression has now been depleted from this segment as well, causing an increase in
length and development of the A2 limb.
expectation.

The functional results confirmed this

The A2 appendage is now significantly longer and resembles a fully

developed leg complete with claws and segmentation (Fig. 3.4C’, asterisk).

As

expected, all the other ectopic limbs were similar in size and development as compared
to the nub/Ubx double phenotype. Therefore, these data show that the levels of Ubx
and/or abd-A present in the A2-A6 segments of RNAinub Oncopeltus embryos dictate
the degree of modification of these appendages. At the same time, the situation with
regard to A1 is more complex, as evidence by the fact that limbs on this segment
remain undeveloped even in triple RNAi experiments. This suggests that additional
genes must be involved in regulating appendage growth on A1, in contrast to A2-A6
segments which are mainly regulated by nub, Ubx, and abd-A.
The role of Dll in determining the size of ectopic abdominal appendages
In the previous section we proposed that different sizes of ectopic appendages in
RNAinub embryos may result from varying levels of Ubx and/or abd-A in affected
segments. These data also indirectly suggest that these two genes act on Dll to
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Figure 3.5. Dll expression in abd-A, Ubx, and nub-depleted Oncopeltus embryos. (A)
Dll in RNAiabd-A showing expression located to the distal tips of the developing ectopic
limbs. (A1) Close-up of abdominal segments A3-A5 of embryo shown in (A). (A2) The
resulting short ectopic appendages of an RNAiabd-A first nymph. (B) Dll expression in
the developing A1 limb of an RNAiUbx embryo.
Note that expression now
encompasses a greater area than the RNAiabd-A embryo shown in (A). (B1) The
moderately sized A1 limb of an RNAiUbx first nymph. (C) Dll in RNAinub embryos
showing a gradation of expression boundaries from small (A2 and A3) to large (A4 and
A5). Note that the domain of Dll expression in A4 and A5 is the greatest of all three
different backgrounds. (C1) The ectopic appendages of RNAinub embryos. In panels
A2, B1, and C1, arrowheads point to ectopic abdominal appendages.
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accomplish this task. Consequently, the variations in the expression of Dll may also
affect the sizes of ectopic appendages in the abdomen. To test this possibility more
directly, we examined patterns of Dll expression in three different RNAi backgrounds
(abd-A, Ubx, and nub) and compared them to the sizes of the corresponding ectopic
limbs. The prediction would be the larger domain of Dll expression, the longer the
developing appendage should be.
RNAiabd-A embryos are characterized by the presence of limbs on abdominal
segments A2-A8 (Fig. 3.5A; Angelini et al., 2005). The size of typical RNAiabd-A
ectopic abdominal appendages is depicted in Fig. 3.5A2 (arrowheads). Among the
three different backgrounds (abd-A, Ubx, nub), these are the smallest appendages and
are composed of only two podomeres. As predicted, Dll signal in these ectopic
appendages is localized in the distal most tips only (Fig. 3.5A1; Angelini et al., 2005).
RNAiUbx embryos display a more moderately sized ectopic A1 appendage that is three
podomeres long (Fig. 3.5B1; Angelini et al., 2005). Dll expression in this developing
limb encompasses a larger defined area, from the medial portion down to the distal tip
(Fig. 3.5B). Hence, the increase in expression domain of Dll correlates with the larger
and more defined appendage (compare Fig. 3.5A1 vs. Fig. 3.5B). Finally, RNAinub
embryos exhibit the largest of ectopic appendages, with thoracic-like legs appearing on
abdominal segments A4 and A5 (Fig. 3.5C1, arrowheads). Consistent with our premise,
these legs have Dll expression that extends throughout the distal half of the appendage
(Fig. 3.5C). Note that Dll expression is also reduced in the smaller limbs that occur on
A2 and A3. These results indicate two important aspects regarding the relationship
between the Dll and ectopic abdominal appendages. First, they support the premise
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that differences in Dll expression domains may have an effect on the sizes of the
ectopic limbs that develop in abd-A, Ubx, and nub-depleted Oncopeltus embryos. Such
an effect is consistent with conclusions from previous studies in Drosophila that showed
that the final size of the leg depends on the amount of Dll present (Cohen and Jurgens,
1989; O'Hara et al., 1993; Sunkel and Whittle, 1987; Vachon et al., 1992). Second, our
results indicate that nub affects leg development by acting upstream of Dll, at the same
level as hox genes such as Ubx and abd-A.
nub does not activate abd-A in Drosophila embryos
Our finding that nub is involved in regulating abdominal patterning in Oncopeltus
raises a question as to whether this function has evolved only in hemipterans or
whether it is shared with other insects as well.

In order to begin to study the

phylogenetic distribution of this new role of nub we focused on Drosophila
melanogaster. nub was originally cloned and characterised in flies (Billin et al., 1991;
Dick et al., 1991; Lloyd and Sakonju, 1991) and these studies identified two paralogous
genes (nub and pdm2) lying adjacent in a tandem arrangement in the second
chromosome. Their functional contributions were examined by generating single and
double mutants for both genes that showed partially overlapping functions in the
patterning of the embryonic CNS (Yeo et al., 1995). However, no other overt mutant
phenotype was described.

What is intriguing, though, is that the pattern of RNA

expression of nub and pdm2 at the blastoderm stage in Drosophila (Billin et al., 1991;
Dick et al., 1991; Lloyd and Sakonju, 1991) is very similar to the early germ band
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Figure 3.6. Nub is not required for AbdA expression in Drosophila. Embryos oriented
with anterior to the left and dorsal to the top. (A) Embryo at blastoderm stage double
stained for Nub protein (red) and AbdA protein (green). Nub is expressed in the
presumptive abdominal region but no bona fide AbdA expression is observed at this
stage. (B) Embryo at extended germ band stage stained as in (A). Nub is expressed in
the nervous system in the head (arrows) and in repeated clusters in each thoracic and
abdominal segment (arrowheads). AbdA expression is present from the first (A1) to the
eight (A8) abdominal segments. (C) In a nubE37 homozygous null embryo, AbdA
expression is normal (compare with B). (D) Dll expression is normal in a nub null
embryo, and identifies the leg primordia in the three thoracic segments (T1 to T3). In
contrast to Oncopeltus, no ectopic Dll expression is seen in the abdominal segments A1
to A8, highlighted by staining with the FP 6.87 antibody that reveals Ubx and AbdA
expression.
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expression that was observed in Oncopeltus (Fig. 3.1A).

This similarity in early

embryonic patterns between the two species raises the possibility of a yet undescribed
role of nub and/or pdm2 in segmentation in Drosophila.
We first examined the pattern of Nubbin protein expression and compared it with
that of AbdA in double stainings. In agreement with the reported RNA pattern, Nub
protein has a strong expression at blastoderm in the presumptive abdominal region (Fig.
3.6A). However, AbdA expression is not observed at this stage, in accordance with
previous reports (Macias et al., 1990). AbdA expression starts later on, during germ
band extension, and is fully established in extended germ band embryos (Fig. 3.6B).
Nub blastoderm expression fades during gastrulation and by extended germ band has
been substituted by a pattern of expression in the nervous system (Fig. 3.6B; (Macias et
al., 1990). Thus, the abdominal expression of Nub and AbdA do not coincide in time.
Next we studied the nubE37null allele that does not produce protein (Yeo et al.,
1995). Embryos homozygous for this allele have no overt mutant phenotype at any
stage of development, and show normal expression of AbdA (Fig. 3.6C). Similar normal
expression of AbdA (not shown) was observed in embryos homozygous for the
deficiency Df(2L)GR4, which removes both nub and pdm2 (Yeo et al., 1995). To
corroborate this result, we monitored the expression of Dll, as a marker for appendage
primordia, and observed that Dll expression is normal in nubE37 and Df(2L)GR4
embryos, that is, absent from the abdominal segments (Fig. 3.6D).
In conclusion, although we cannot completely discard the existence of other,
cryptic functions associated with nub and pdm2 expression in the Drosophila embryo,
our results corroborate earlier observations of a functional role restricted to the
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embryonic nervous system and rule out the existence of a similar role to that of nub in
Oncopeltus, namely, activation of abdA expression and subsequent repression of leg
formation in the abdomen.
Discussion
At present, nub expression has been studied in chelicerates, crustaceans, and
insects (Abzhanov and Kaufman, 2000; Averof and Cohen, 1997; Damen et al., 2002; Li
and Popadic, 2004; Popadic, 2005; Prpic and Damen, 2005).

These studies have

revealed that nub expression is dynamic, encompassing different spatial and temporal
patterns that are species-specific. Although expression analyses have been performed
in several arthropod species, our knowledge of nub function is limited to Drosophila
(Bhat and Schedl, 1994; Cifuentes and Garcia-Bellido, 1997; Mirth and Akam, 2002;
Neumann and Cohen, 1998; Ng et al., 1995; Rauskolb and Irvine, 1999). This study
imparts the first insight of nub function in a non-model insect species. In Oncopeltus,
nub promotes the proper growth of the legs and labial tube during embryogenesis.
Furthermore, nub function was also shown to be necessary for normal abd-A
expression and thus plays a critical role in suppressing leg formation on the abdomen.
This role of nub in abdominal development is different from that in Drosophila, indicating
that there are lineage-specific differences in the genetic mechanisms that maintain an
ancient insect feature, the limbless abdomen.
Roles of nub in gnathal development
A previous expression analysis in a variety of insect lineages suggested that nub
might play a role in the morphological divergence of the haustellate type mouthparts
from the more ancestral mandibulate type (Li and Popadic, 2004). This hypothesis was
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largely based on the observed differences in nub patterning that parallel the structural
changes in the organization of these two types of mouthparts.

In Oncopeltus (a

haustellate type species), nub is expressed in similar patterns in the morphologically
akin mandibular and maxillary appendages (see Fig. 3.1). However, these appendages
are only extruded post-embryonically.

Since RNAinub Oncopeltus embryos do not

complete embryogenesis, we were unable to score any resulting phenotype. RNAinub
labial tubes do exhibit a distinct phenotype and are visibly shorter as compared to wild
type (Fig. 3.2E). In particular, the distal-most segment shows the most alterations in its
size and shape. This result indicates that nub is involved in the proper growth and
elongation of the labial appendage in Oncopeltus. The present study also suggests that
nub may have similar roles in the development of the gnathal appendages in other
insects.

In order to examine this possibility further, functional analyses should be

extended to encompass more basal mandibulate insect groups such as cockroaches
and crickets.

Unlike Oncopeltus, cockroaches and crickets exhibit a continuous

development of their gnathal appendages and hence, can be used to infer nub function
not only in the labial appendage, but in the mandibular and maxillary ones as well.
Role of nub in leg patterning and development
Nub expression in developing insect legs is highly variable, with species-specific
patterns that can range from just a few clusters of cells to serially repeated ring-like
domains (Li and Popadic, 2004; Mirth and Akam, 2002; Rauskolb and Irvine, 1999). In
Drosophila, nub is expressed in a series of concentric rings and has been used to mark
the proximal joint territories in developing legs (Mirth and Akam, 2002; Rauskolb and
Irvine, 1999). While these recent studies have provided insights into regulation of its

65
expression (Mirth and Akam, 2002; Rauskolb and Irvine, 1999), the actual role of nub in
leg development remains unclear (Cifuentes and Garcia-Bellido, 1997).

This study

provides a first evidence of nub function in legs of a non-model, hemimetabolous insect
species.
As shown in Fig. 3.2F, RNAinub legs are shorter than wild type, mainly due to the
extensive reduction in the size of the femur. This observation is consistent with the
observed expression in limb buds, where early ubiquitous signal becomes modulated
and restricted to the proximal portion of a growing appendage (inset, Fig. 3.1C). The
observed decrease in the femur is unequal, being much more pronounced in the
anterior part of the segment. As a result, the femur is also wider and has a “swollen”
appearance (compared to wild type).

No identifiable effect was observed on

segmentation, as all joints are present in nub-depleted legs. These results show that
nub directs the proper growth and elongation of legs in Oncopeltus. Note, however, that
nub function is not uniformly distributed along proximo-distal axis and is mainly
restricted to one segment.

More specifically, the present study indicates that nub

influences the final size and shape of the femoral segment in milkweed bugs.
The extensive studies in Drosophila have established an in depth understanding of
the genetic mechanisms that regulate limb development and growth (Abu-Shaar and
Mann, 1998; Campbell, 2002; Cohen et al., 1989; Galindo et al., 2002; GonzalezCrespo and Morata, 1996; Lecuit and Cohen, 1997; Mardon et al., 1994). Extension of
these analyses to other, more basal insect lineages have confirmed that the general
framework of leg patterning is conserved and can apply to insects in general (Abzhanov
and Kaufman, 2000; Angelini and Kaufman, 2004; Angelini and Kaufman, 2005b;
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Beermann et al., 2001; Inoue et al., 2002a; Inoue et al., 2002b; Jockusch et al., 2000;
Niwa et al., 2000; Prpic et al., 2003; Prpic et al., 2001; Rogers et al., 2002). And yet,
such conservation stands in contrast to the outstanding diversity of leg morphologies
that exist in nature (Carroll et al., 2001; Snodgrass, 1935). How is this phenotypic
variation governed at the developmental and genetic level? Recently, it was shown that
temporal and spatial changes in the expression of Ubx regulate the size of individual leg
segments (Mahfooz et al., 2007; Mahfooz et al., 2004; Stern, 2003). While the role of
Ubx is restricted to hind legs only, studies of another gene, Sp8, have revealed its
involvement in the allometric growth of all limbs in Tribolium (Beermann et al., 2004).
There is also an association between the number of Sp8 expression domains and the
limb length. In the legs there are four rings of Sp8 expression (corresponding to each
segment), and in RNAiSp8 animals these appendages are dwarfed (Beermann et al.,
2004). In that context, it is intriguing that nub patterning in the legs of different insects is
also characterized by a variable number of expression domains (Li and Popadic, 2004).
During early stages of embryogenesis, there are four rings of nub in the Periplaneta
(cockroach) legs, a situation reminiscent to one observed with Sp8 in Tribolium. In light
of the present study’s finding of nub involvement in the growth of the femoral segment in
milkweed bugs, it is tempting to speculate whether similar alterations in segment(s)
elongation may be observed in Periplaneta legs as well. If nub function is conserved,
RNAinub Periplaneta legs should be much shorter than wild type, with every segment
reduced in size.

Extending such analyses to include more lineages and additional

candidate genes will provide much better understanding of developmental and genetic
regulation of phenotypic variation in leg size and shape.
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The regulatory role of nub in development of the abdomen
The most noticeable phenotype of RNAinub Oncopeltus embryos is the presence
of ectopic appendages originating from abdominal segments A2-A6 (Fig. 3.2B’-C’).
Furthermore, these abdominal limbs exhibit varying degrees of development and size,
ranging from small outgrowths of tissue (A2 limbs) to fully segmented thoracic leg-like
appendages (A4-A6 limbs).

This variation in phenotype in RNAinub embryos is

primarily associated with alterations in the expression of abd-A and to a lesser degree,
Ubx (Fig. 3.3B-C). A particularly good illustration of the ability of these two genes to
affect the size of ectopic limbs is provided when focusing on A2. As shown in Fig. 3.3,
strong abd-A and moderate Ubx signals characterize this segment in early RNAinub
embryos. Based on this pattern, we expected A2 should be most strongly affected by
double (Ubx/nub) and triple (Ubx/abd-A/nub) RNAi experiments. Consistent with our
prediction, the double knockdown analysis yielded an A2 limb that was larger and more
developed as compared to a single RNAinub embryo (Fig. 3.4B). In addition, the triple
RNAi analysis generated a true leg-like appendage complete with defined segments
and claws (Fig. 3.4C’). These data therefore indicate that Ubx and abd-A do indeed act
to modify the A2 limb in RNAinub embryos. This observation is consistent with recent
studies in Drosophila that showed that varying levels of Ubx directly affect the degree of
limb repression (Hittinger et al., 2005; Tour et al., 2005). Hence, the effects of Ubx and
abd-A on limb development in Oncopeltus may also act in a concentration-dependant
manner similar to the situation observed in Drosophila.
Eventually, the combined action of nub, Ubx, and abd-A acts on the appendageforming pathway. The large body of work accumulated over the past two decades
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revealed that this absence of appendages is generated via a common mechanism, the
repression of Dll by Ubx and abd-A (Castelli-Gair and Akam, 1995; Galant and Carroll,
2002; Lewis et al., 2000; Ronshaugen et al., 2002; Vachon et al., 1992; Warren and
Carroll, 1995).

New insights into the details of this pathway have recently been

obtained in Drosophila, showing that the genes buttonhead (btd) and Sp1 are upstream
activators of Dll (Estella et al., 2003). In Oncopeltus, the appearance of ectopic limbs is
implemented by a release of suppression of Dll. Furthermore, there is a correlation
between the extent of the Dll expression domain and the size of resulting abdominal
limbs (Fig. 3.5). This result may in part explain the differences between the ectopic
appendages generated by RNAi Ubx and abd-A experiments (Fig. 3.5A-B; (Angelini and
Kaufman, 2005b) and those observed in RNAinub embryos (Fig. 3.5C). Note that even
double Ubx/abd-A Oncopeltus depletions feature smaller A1-A8 limbs composed of only
three podomeres (Angelini and Kaufman, 2005b). In contrast, RNAinub embryos have
much bigger, fully segmented, thoracic leg-like appendages on A4-A6 (Fig. 3.2G). This
difference points to the possibility that nub is acting upstream of Ubx and abd-A and is
likely affecting additional components in a pathway that controls abdominal limb
suppression. The complexity of such a putative regulatory pathway is underlined further
by the phenotype of our triple (Ubx/abd-A/nub) RNAi mutants. These late embryos
continue to show a variation in the degree of development and size of ectopic
abdominal limbs (Fig. 3.4C’). For example, A1 has a tiny, unsegmented appendage,
while the A2 limb is still smaller than its A4-A6 counterparts. These morphological
differences likely reflect the divergence in regulation of limb suppression in each
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segment, suggesting that the genetic architecture of such repression in the A2 segment
differs from A4 or A5.
The presence of a limbless abdomen is one of the key morphological features
that distinguish insects from other arthropod groups. Recent studies have shifted focus
from the effector portion of the abdominal pathway represented by Dll, Sp8, and btd to
the upper portion of this complex developmental hierarchy and have identified a number
of cis-regulatory elements including enhancers, silencers, and insulators that are
responsible for directing the expression of Bithorax complex genes in Drosophila (Bae
et al., 2002; Casares and Sanchez-Herrero, 1995; Drewell et al., 2002). However, how
these different elements are activated in specific segmental domains during
embryogenesis remains unknown in Drosophila (Drewell et al., 2002), let alone in other
insects. The finding that nub activates abd-A in Oncopeltus, but not in Drosophila,
provides a novel insight into the regulatory mechanisms that occur at the upper portion
of the abdominal pathway (Fig. 3.3C, Fig. 3.6).

These differences highlight the

importance of further characterizing these interactions by extending functional analyses
into other insect lineages. Obtaining such new insight will be critical for understanding
how complex phenotypes, such as the insect abdomen, have become established and
maintained over the course of evolution.
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Abstract:
Hemimetabolous insects undergo an ancestral mode of development in which
embryos hatch into first nymphs that resemble miniature adults. While recent studies
have shown that homeotic (hox) genes establish segmental identity of first nymphs
during embryogenesis, no information exists on the function of these genes during postembryogenesis. To determine whether and to what degree hox genes influence the
formation of adult morphologies, we performed a functional analysis of Sex combs
reduced (Scr) during post-embryonic development in Oncopeltus fasciatus. The main
effect was observed in prothorax of Scr-RNAi adults, and ranged from significant
alterations in its size and shape to a near complete transformation of its posterior half
toward a T2-like identity. Furthermore, while the consecutive application of Scr-RNAi at
both of the final two post-embryonic stages (fourth and fifth) did result in formation of
ectopic wings on T1, the individual applications at each of these stages did not. These
experiments provide two new insights into evolution of wings. First, the role of Scr in
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wing repression appears to be conserved in both holo- and hemimetabolous insects.
Second, the prolonged Scr-depletion (spanning at least two nymphal stages) is both
necessary and sufficient to restart the wing program. At the same time, other structures
that were previously established during embryogenesis are either unaffected (T1 legs)
or display only minor changes (labium) in adults. These observations reveal a temporal
and spatial divergence of Scr roles during embryonic (main effect in labium) and postembryonic (main effect in prothorax) development.
Introduction
A large portion of our current knowledge of the evolution of new morphologies
has been inferred from studies of insects, particularly their appendages (Angelini and
Kaufman, 2004; Angelini and Kaufman, 2005a; Angelini and Kaufman, 2005c; Carroll,
1995; Carroll et al., 2001; Carroll et al., 1995; Hughes and Kaufman, 2000; Mahfooz et
al., 2007; Mahfooz et al., 2004; Randsholt and Santamaria, 2008; Weatherbee et al.,
1999; Wilkins, 2002a).

The evolution of wings and legs was instrumental in the

radiation and diversification of insects and some of the best-documented examples of
regulatory evolution come from investigations of the molecular basis of modifications in
these structures (Brunetti et al., 2001; Carroll et al., 1995; Gompel et al., 2005;
Monteiro, 2008; Weatherbee et al., 1999).

To a large degree, the differences in

appendage morphology can be explained by alterations in function, regulation, and
expression of common body and appendage patterning genes (Angelini and Kaufman,
2004; Angelini and Kaufman, 2005c; Angelini et al., 2005; Carroll, 1995; Hughes and
Kaufman, 2002; Mahfooz et al., 2007; Rogers et al., 1997; Ronshaugen et al., 2002).
Some of these common developmental regulators, such as hox genes, also control the

73
identity of body segments and their pigmentation (Hughes and Kaufman, 2002; Jeong et
al., 2006; Lohmann et al., 2002). However, the molecular mechanisms governing the
structural diversity of segments (i.e. size and shape) per se have remained largely
unexplored.

Similar to appendages, thoracic segments themselves also exhibit an

extraordinary array of differences with regard to their size, shape, pigmentation and
function. The largest diversification is observed in the prothorax (T1), which in some
insects is drastically reduced (Diptera, flies), while in others it can be quite enlarged,
concealing the head (Blattaria, cockroaches).

The extent of variation in T1

morphologies is most prominent in hemimetabolous insects, even becoming a hallmark
lineage-specific trait in various true bugs (Hemiptera). In families such as Membracidae
(treehoppers) the pronotum may extend the entire length of the body and take on
myriad elaborate shapes and modifications. At present, the molecular mechanisms
responsible for the divergence of T1 morphologies have yet to be elucidated.
Classical

studies

in

Drosophila,

combined

with

insights

from

other

holometabolous species such as Tribolium and Bombyx, have demonstrated that the
homeotic gene Sex combs reduced (Scr) plays key roles in regulating the identity of the
T1 and labial segments at both embryonic and adult stages (Abzhanov et al., 2001;
Beeman et al., 1989; Curtis et al., 2001; Kokubo et al., 1997; Lewis et al., 1980;
Mahaffey and Kaufman, 1987; Pattatucci et al., 1991; Reuter, 1990; Struhl, 1982;
Wakimoto and Kaufman, 1981). The primary role of Scr is to suppress wing formation
on the adult prothorax, a presumed ancestral role in insects (Carroll et al., 1995; Rogers
et al., 1997; Tomoyasu et al., 2005). While the roles of Scr in labial development and
comb formation in the fore legs are conserved in Oncopeltus, the morphology or identity
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of the T1 sclerites is unaffected in embryos (Hughes and Kaufman, 2000; Rogers et al.,
1997). This observed difference indicates that Scr function has been changing over the
course of insect evolution and highlights the importance of characterizing its adult
function in species that undergo hemimetabolous development.
Hemimetabolous insect species undergo a mode of development in which
embryos hatch into first nymphs that resemble a miniature adult.

Insights from

functional studies, primarily in hemipterans and orthopterans, show that gap and hox
genes establish the nymphal body plan during embryogenesis (Angelini and Kaufman,
2004; Angelini and Kaufman, 2005b; Mahfooz et al., 2007; Rogers et al., 1997). While
segment identity and their overall features remain constant, the elaboration of individual
segment morphology occurs mainly during post-embryonic development. However, at
present, very little is known about the mechanisms that govern segment identity and
diversity in adult hemimetabolous insects.

This is in contrast to the situation in

holometabolous species where it has been shown that input from Scr is required
throughout development (Beeman et al., 1993; Pattatucci and Kaufman, 1991). The
caveat in interpreting these results lies in the fact that immature stages in
holometabolous insects (larvae) are generally phenotypically different from adults. The
differences between these two modes of development raise two intriguing questions.
First, is the identity of segments in hemimetabolous species, once established in first
nymphs, irreversible? Second, do hox genes play a role in generating morphological
diversity of adults, similar to their recently discovered embryonic function (Mahfooz et
al., 2007)?
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To begin to address these questions, we examined the post-embryonic functions
of Scr in the hemimetabolous insect, Oncopeltus fasciatus (milkweed bug).

In this

report we examined the effect of Scr depletion during the last two nymphal stages
(fourth and fifth) in Oncopeltus. Our results show that Scr has a primary role in T1 and
highlight the importance of the temporal requirements of Scr during postembryonic
development. As evidenced by the appearance of ectopic wings in individuals that
underwent consecutive RNAi treatment (injections at both 4th and 5th nymphs), the
abolition of Scr at the final two post-embryonic stages is sufficient and necessary to
restart the wing program on T1. This is further supported by the fact that ectopic wings
were never observed in individuals that were injected at single stages (4th or 5th
nymphs).

RNAi experiments have also determined that Scr is critical for proper

formation of T1-specific morphology, especially in the dorsal prothorax.

More

specifically, the pronotum in Scr-RNAi adults displays a range of phenotypes, from
significant alterations in its size and shape to a near complete transformation of the
posterior half toward a T2-like identity. The latter observation indicates that previously
established segmental identities of first nymphs can be altered, and therefore, are not
irreversible. At the same time, our analysis also shows that other features that are fully
developed at the first nymphal stage (labial tube, leg combs) are unaltered in Scr-RNAi
adults suggesting that their identities cannot be changed during post-embryogenesis.
These results provide a better understanding of what role(s) Scr may have played in the
development and evolution of the prothorax in adult hemimetabolous insects.
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Materials and methods
Oncopeltus fasciatus rearing
Oncopeltus fasciatus were reared at room temperature and were provided water
on moist towels and fed cracked sunflower seeds. Adult females laid eggs on cotton
rolls from which they were collected daily. Embryonic development was complete in
approximately 7-8 days at room temperature.

Upon hatching, first instars were

transferred to new cages and reared on an identical diet as provided for the adults.
Each successive molt occurs in approximately 6-7 days until post-embryogenesis is
complete. On average, it took about 6-7 weeks for Oncopeltus first nymphs to fully
develop into adults.
Preparation of Scr dsRNA
The original report of Scr expression in Oncopeltus (Rogers et al., 1997) utilized
a fragment of Scr that included the highly conserved homeodomain region. Subsequent
analyses of Scr function in Oncopeltus (Hughes and Kaufman, 2000) utilized a shorter,
non-overlapping 3’ fragment of Scr that produced specific Scr-RNAi phenotypes. This
fragment was generously provided by C. Hughes and was used in the present analysis
to generate Scr dsRNA as described in Mahfooz et al. (2007).
RNA-interference (RNAi)
Adapted from the maternal RNAi protocol by Liu and Kaufman (2004), Scr
double-stranded RNA (dsRNA) was prepared and injected into the abdomen of adult
milkweed bug females using a Hamilton syringe with a 32-gauge needle. Individual
females were placed in separate containers with a single male. Eggs were laid and
clutches were collected on a daily basis and allowed to mature at room temperature.
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First nymphal instars hatched after eight days upon which their morphologies were
analyzed. Typically, Scr-RNAi phenotypes began emerging after the third clutch (first
two clutches were mainly wild type).

Our embryonic RNAi phenotypes were

indistinguishable from those reported by Hughes and Kaufman (2000) and indicate that
our mRNAi methodology is effectively and specifically abolishing Scr function.
Nymphal RNAi was performed by injecting Scr dsRNA into the abdomens of
Oncopeltus nymphs at either the third, fourth, fifth, or consecutively at both fourth and
fifth nymphal stages using a Hamilton syringe with a pulled glass capillary needle.
Approximately 2µl of Scr dsRNA was injected into each nymph at a concentration of 23µg/µl. The total numbers of injected nymphs were as follows: 38 third nymphs, 67
fourth nymphs, 51 fifth nymphs, and 25 nymphs injected at both fourth and fifth nymphal
stage (consecutive). The proportion of injected nymphs that molted into adults were 0%
(third nymphs), 19% (fourth nymphs), 61% (fifth nymphs), and 32% (consecutive). In
order to examine further the causes of high mortality observed in third and fourth
nymphal injections, we performed a complementary study using Ubx-depleted
Oncopeltus first nymphs (Mahfooz et al., 2007). These nymphs resulted from maternal
Ubx-RNAi injections, and have a distinct phenotype in T3 and A1 segments. Unlike
Scr-RNAi first nymphs, Ubx-depleted individuals have normal mouthparts and were
observed feeding and behaving similar to a wild type. Briefly, of the ~300 Ubx-RNAi
first nymphs examined, 60% molted into third nymphs. Subsequently, less than 10% of
these individuals were able to successfully molt into fourth nymphs, while none survived
to the fifth nymphal stage. These data suggest that hox genes such as Ubx and Scr
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may perform critical functions during third and fourth nymphal stages of post-embryonic
development in Oncopeltus, as depletion of either of these genes results in lethality.
Cloning of partial GFP fragment
A 710bp fragment of the jellyfish Green Fluorescent Protein (GFP) was cloned
using the plasmid pRSET-emGFP (gift from P. Cunningham) as a template. Specific
primers were designed to previously published sequence data and PCR conditions were
used to generate partial cDNA fragments of GFP as described in Li and Popadic (2004).
Five clones were isolated, sequenced, and subsequently compared to previously
published data revealing a 100% sequence identity.

dsRNA synthesis of the GFP

fragment was performed as described in Mahfooz et al. (2007).
To test for the possibility of non-specific effects from our post-embryonic ScrRNAi injections, we injected the GFP dsRNA fragment into the abdomens of 30 third, 15
fourth and 15 fifth stage Oncopeltus nymphs. Regardless of the stage of injection, all
surviving adults were indistinguishable from wild type. These data indicate that the
adult phenotypes observed in our post-embryonic RNAi-Scr injected individuals can
indeed be specifically attributed to a reduced amount of Scr transcript.
RT-PCR analysis
Oncopeltus fourth nymphs were injected with 1-2µl of Scr dsRNA at 2µg/µl and
allowed to molt into fifth nymphs. At this stage, the T1 plates from three individuals
(excluding the legs) were dissected and total RNA was extracted utilizing Trizol
(GibcoBRL/Life Technologies).

This RNA was subsequently used as a template to

generate cDNA utilizing a poly-T primer (Promega). For comparison, total RNA and
cDNA was generated from wild type T1 plates from three individual Oncopeltus fifth
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nymphs in an identical manner. Equal concentrations of cDNA of both wild type and
Scr-RNAi fifth nymphs were subsequently used as templates in individual PCR
reactions to assess the amount of Scr transcript that was abolished in injected
individuals.

Scr primers were designed according to published Scr sequence data

originally reported by Hughes and Kaufman (2000).

As a positive control, primers

designed to the Oncopeltus 18S ribosomal subunit were used in both wild type and Scr
injected fifth nymphs.

The amount of this fragment should be identical in both

instances, as injected Scr dsRNA should have no effect on the endogenous levels of
this transcript. The PCR conditions were as follows: 94°C for 3 min; 30 cycles of 94°C
for 30 seconds, 55°C for 30 seconds, 72°C for 30 seconds; one cycle of 72°C for 7
minutes.
Results and discussion
Post-embryonic function of Scr in Oncopeltus
While it would be advantageous to follow the growth of Scr-depleted first nymphs
in order to deduce the adult function(s) of Scr, this is unfeasible as the nymphs are
unable to feed using their abnormal mouthparts (Chesebro et al. 2009). Fortunately,
wild type Oncopeltus first nymphs undergo four subsequent nymphal stages that can be
potentially targeted by RNAi. To infer an individual nymphal stage’s contribution to adult
morphology we injected double stranded Scr-RNA at 3rd, 4th, and 5th instars and allowed
them to mature into adults. Injected third instars rarely molted into 4th nymphs and
never passed successfully into 5th, indicative of a functional requirement for Scr at this
stage. In a parallel experiment, 30 third instars were independently injected with dsRNA
that corresponds to a 710bp fragment of the jellyfish green fluorescent protein (GFP).
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This set of injections acts as a negative control since no GFP gene exists in
Oncopeltus. In contrast to Scr third nymphal injections, 53% of third instars that were
injected with GFP dsRNA successfully developed into adults and were indistinguishable
from wild type. These data show that the 100% lethality observed in Scr injected third
nymphs is due to the loss of gene function and further supports our finding that the
function of this gene at the third nymphal stage is essential for viability in Oncopeltus.
Injections at either 4th or 5th nymphal stages predominately resulted in moderate adult
phenotypes (Fig. 4.1B), with few exceptions. However, RNAi experiments in which
individuals were consecutively injected at both 4th and 5th nymphal stages resulted in a
near complete transformation of T1 into T2, suggesting that the effects of postembryonic Scr-RNAi in Oncopeltus are cumulative. To determine the effectiveness of
our RNAi methodology, injected 4th nymphs were allowed to molt into the next stage
upon which their T1 plates were dissected and evaluated for Scr mRNA. As shown by
RT-PCR analysis in Fig. 4.1D, only trace levels of Scr mRNA are detected in Scr-RNAi
nymphs compared to wild type. This result confirms that the observed adult phenotypes
are, indeed, due to depletion of Scr.
Alterations in the prothorax are the key features of adult Scr-RNAi phenotypes
While the majority of individuals injected at either the 4th or 5th nymphal stages
were moderately affected, a small percentage of adults displayed strong Scr-RNAi
phenotypes, characterized by the partial transformation of T1 toward T2. Wild type
Oncopeltus adults (Fig. 4.1A) have distinct T1 and T2 morphologies, mainly in the
posterior halves of these segments. The pronotum is more box-like and solid black,
while the T2 plate tapers into a triangular shape, called the scutellum, that is mostly
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black with a red-orange tip (Fig. 4.1A).

As shown in Fig. 4.1B, strong Scr-RNAi

phenotypes resulting from single stage injections (4th or 5th) exhibit a greater reduction
of the prothorax as compared to moderately affected individuals (Chesebro et al. 2009).
In addition, the posterior half of the pronotum develops an ectopic scutellum of similar
size and shape as that on T2, complete with red-orange coloration at the distal tip (Fig.
4.1B, green arrow). Note, however, that the anterior portion of the pronotum retains its
wild type morphology.

In contrast, the prothorax of adults that were injected at

consecutive nymphal stages (both 4th and 5th) exhibits a near complete transformation
of T1 toward T2. These individuals produce a more developed ectopic scutellum on T1
that is not only elevated, but also points toward the posterior in a similar fashion as that
on T2 (Fig. 4.1C1, green arrow). In addition, ectopic wings develop on the prothorax
and display an alternating orange and black pigmentation pattern similar to the one that
characterizes wild type forewings (Fig. 4.1C2, grey arrowhead). These results indicate
that the suppression of wings on the adult prothorax in Oncopeltus requires Scr input at
both of the last two nymphal stages (4th and 5th). This is further supported by the fact
that ectopic wings never develop on the T1 segment of individuals injected a single time
at either the 4th or 5th post-embryonic stages. In other words, Scr expression at either of
the last two nymphal stages is sufficient to suppress the formation of ectopic wings on
the prothoracic segment of Oncopeltus adults.
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Figure 4.1. Scr-RNAi Oncopeltus adult phenotypes. (A) Dorsal view of wild type adult
showing the broad pronotum and the triangular shaped scutellum on posterior T2. (B)
Dorsal view of a strong Scr-RNAi adult phenotype resulting from a 5th nymph single
stage injection. The posterior pronotum is partially transformed toward T2 identity,
evidenced by the formation of an ectopic scutellum (green arrow). (C-C2) Phenotype of
a consecutively (4th and 5th) injected Oncopeltus adult. (C) Dorsal view showing the
near complete transformation of T1 toward T2, illustrated by the presence of a well
formed ectopic scutellum (green arrow) and ectopic wings on the prothorax (grey
arrowheads). (C1) Lateral view of the consecutively inject adult in (C), showing that the
ectopic scutellum on T1 (green arrow) is similar in size, shape and pigmentation to that
normally found on T2. (C2) Magnified view of the ectopic T1 wing (grey arrowhead) of
the consecutive Scr-RNAi Oncopeltus adult shown in (C). (D) RT-PCR analysis of Scr
mRNA in fifth nymph prothoracic plates. Scr-RNAi nymphs show only trace levels of Scr
mRNA in T1 compared to wild type.Legend: em = epimeron; T1 = prothorax; T2 =
mesothorax.
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Figure 4.1
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Scr and wing repression in Oncopeltus
Previous research in Drosophila and Tribolium has suggested that Scr may have
a conserved role in repressing wing formation on T1 in modern insects (Carroll et al.,
1995; Rogers et al., 1997; Tomoyasu et al., 2005). The present study in Oncopeltus
provides the first insight into this putative function in a hemimetabolous species. During
post-embryonic development, the winglets that form on the T2 and T3 segments
become morphologically distinguishable at the fourth nymphal instar in milkweed bugs
(Chesebro et al. 2009). No such structures exist on the prothorax, due to the repression
of the wing program during embryonic and the first three post-embryonic stages
(nymphs 1-3).

Hence, fourth instars are already characterized by fundamental

differences in the morphology and function of their thoracic segments.

These

differences become proportionately larger at the fifth stage, and culminate during the
final molt that generates a wingless T1 segment and fore and hind wings on T2-T3 in
adults. And yet, as shown by the results of the consecutive Scr-RNAi injections (Fig.
4.1C-C2), the depletion of Scr at the last two nymphal stages is sufficient to re-initiate
the wing program on T1 despite the complete absence of wing primordia on this
segment. Interestingly, the T1 segments of fifth nymphs that emerge from injections at
the fourth instar do not exhibit winglets as seen on T2 and T3. Rather, this segment still
retains a wild type appearance. Therefore, the ectopic wings that ultimately emerge
from the prothorax of consecutively injected individuals do not originate from wing pads
but are extensions of the lateral portion of the prothorax (Fig. 4.1C, 4.1C2 grey
arrowheads). This result, coupled with the fact that ectopic wings never develop on the
prothorax of single stage injections (either 4th or 5th nymphs), suggests that a temporary
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input of Scr at either of the two last post-embryonic stages is sufficient to repress the
formation of wings on this segment in Oncopeltus. Thus, our data indicates that the
ability of Scr to suppress wing deveolpment on T1 is conserved and likely represents an
ancestral function of this gene.
Divergent functions of Scr during embryonic and post-embryonic development
Currently, the majority of our knowledge into the mechanisms governing the
establishment of adult segmental identity is limited to holometabolous insects (Akam,
1987; Beeman et al., 1989; Struhl, 1982; Wakimoto and Kaufman, 1981). This study,
therefore, imparts the first insight into the function of a homeotic gene (Scr) during postembryonic development of a hemimetabolous insect species, Oncopeltus fasciatus. As
summarized in Fig. 4.2, our data reveal a divergence in the primary functions of Scr
between embryonic and post-embryonic development.

During embryogenesis (Fig.

4.2A, left), Scr is primarily involved in providing identity to labial appendages and has a
more limited role in regulating the formation of combs on T1 legs (Angelini and
Kaufman, 2005b; Hughes and Kaufman, 2000; Hughes and Kaufman, 2002). During
post-embryonic development, however, the main function of Scr is to regulate the
identity of the prothorax with only a minor role in the labial segment (Fig. 4.2A, right).
These results illustrate a major spatial change in the functions of Scr between
embryonic (main role in labial appendages) and post-embryonic development (main role
in the prothorax).
Classic studies in holometabolous species have shown that Scr played one of
the key roles in the establishment of the subdivision of the insect body into three tagma
by regulating the distinct morphology of the T1 segment (Beeman et al., 1993; Beeman
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et al., 1989; Carroll, 1995; Kokubo et al., 1997; Lewis et al., 1980; Mahaffey and
Kaufman, 1987; Pattatucci and Kaufman, 1991; Pattatucci et al., 1991; Reuter, 1990;
Wakimoto and Kaufman, 1981). Functional analysis of an Scr ortholog (Cephalothorax)
in Tribolium resulted in the transformation of the prothorax and T1 legs toward T2
(Beeman et al., 1989). In addition, ectopic wings appear on T1 in both the pupae and
adults (Beeman et al., 1993; Beeman et al., 1989; Tomoyasu et al., 2005). These
results highlight three key aspects of presumed Scr functions in insects: first, in
regulating the final morphology of the prothorax; second, in wing repression; and third,in
controlling the morphology of the forelegs. RNAi experiments in Oncopeltus show that
these three Scr functions are established at distinct developmental stages in
Oncopeltus (this study, (Angelini and Kaufman, 2005b; Hughes and Kaufman, 2000).
For example, the final morphology of prothorax is mainly regulated during postembryonic development. This is best illustrated by the fact that the T1 segments of first
nymphs resulting from embryonic Scr-RNAi experiments are indistinguishable from wild
type, while overt phenotypic changes can be readily observed when Scr is depleted at
either 4th, 5th or consecutive (4th and 5th) post-embryonic stages. In reference to wing
suppression, it is important to note that our Scr-RNAi injections were limited to later
nymphal stages and only an indirect inference can be made on the importance of Scr
during early post-embryonic development (1st-3rd nymphal stages). Nonetheless, the
fact that we were able to observe the formation of ectopic wings on the T1 segment of
consecutively injected nymphs indicates that the depletion of Scr at later stages is
sufficient to at least partially reactivate the wing program. In addition, the prothorax of
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Figure 4.2. Summary of the function of Scr in establishing embryonic and adult
morphologies. (A) During embryogenesis (left; ventral view), the primary role of Scr is
in providing identity to the labial tube (yellow), while it has a lesser role in the
development of the T1 leg combs (red/yellow hatched). In post-embryonic development
(right; lateral view), the main function of Scr is directing the final morphology of the T1
segment (yellow), with a minor role in the labial “groove” (red/yellow hatched). (B)
Graphic diagram representing the general spatiotemporal requirements of Scr at various
stages of development. In the labial appendages Scr is critical during embryonic
development, but plays a minor role in this segment post-embryonically. The opposite
is true in the prothorax, where the primary function of Scr is required postembryonically, and less so during embryonic development.
Figure taken from Chesebro et al. (2009)
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consecutively injected individuals exhibit a more complete transformation toward T2 as
compared to single stage injections, suggesting that a temporary input of Scr at either of
the last two post-embryonic stages is sufficient to fully suppress the development of
wings on the T1 segment in Oncopeltus. Lastly, the formation of combs on fore legs is
affected only by embryonic Scr-RNAi injections (Hughes and Kaufman, 2000), while the
injections at post-embryonic stages have no effect on this structure (Chesebro et al.,
2009). Overall, these results reveal that, in hemimetabolous insects, the three main
functions of Scr may be temporally separated and restricted to specific stages of
development.
Another intriguing aspect of hox gene regulation in hemimetabolous species is
the degree to which their input is required during post-embryonic development. That is,
if the basic adult body plan and segmental identities are already present at the first
nymphal instar, is continuous hox gene input still required during subsequent nymphal
stages? Results from Oncopeltus indicate that rather than addressing this question in
general terms, it may be more appropriate to focus on each segment and its associated
structures separately. As an example, the morphology of the labial appendages is
essentially the same between first nymphs and adults (except for an increase in size).
As shown by Scr-RNAi experiments (Angelini and Kaufman, 2005b; Angelini et al.,
2005; Hughes and Kaufman, 2000), the identity of the labial appendages is mainly
established during embryogenesis, whereas only a minor trait (buccula) is regulated
post-embryonically (Chesebro et al., 2009). In a similar manner, the combs on T1 legs
are already formed in first nymphs and are morphologically similar to those found on
adults. In this instance as well, Scr controls comb morphology during embryogenesis
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and has no function on this structure post-embryonically. In contrast, a very different
situation exists with regard to the overall morphology of the T1 plates. In this example,
while the identity of T1 is distinct from T2, the key features of this segment are not
established during embryogenesis. Instead, the shape, size, and pigmentation of the
prothorax are continuously modulated throughout post-embryonic development
(Chesebro et al. 2009).

Consistent with this observation, consecutive RNAi-Scr

injections at both the 4th and 5th nymphal stages resulted in a more complete
transformation of T1 toward T2 as compared to single stage injections (4th or 5th).
These data suggest that the input of Scr at late post-embryonic stages (4th, 5th,
consecutive 4th and 5th) is critical for the establishment of adult T1 identity. Overall,
these results illustrate that Scr function is crucial at stages when the final features of a
structure are formed (summarized in Fig. 4.2B). For example, in the labial appendages
and T1 combs, Scr is required during embryogenesis while its role diminishes thereafter
(subsequent nymphal instars). In the case of the T1 sclerites, Scr has a minor role
during embryogenesis, but is essential during the last nymphal instars.

Hence, in

hemimetabolous insects, the post-embryonic input of Scr may be required for traits
whose final morphologies have not yet been established at the first nymphal stage.
Evolutionary implications
The present study shows that Scr governs the formation of distinguishing
features on the adult prothorax during post-embryogenesis in Oncopeltus. As illustrated
in Fig. 4.1B-C, the strong Scr-RNAi phenotype is characterized by the transformation of
T1 toward a T2-like identity, consistent with previous observations in Drosophila and
Tribolium (Curtis et al., 2001; Pattatucci et al., 1991; Riley et al., 1987; Tomoyasu et al.,
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2005). This result supports the concept that the default state for thoracic segments is
that of the mesothorax (T2) and that Scr input is required for establishing T1-specific
identity (Struhl, 1982). At the same time, it is tempting to speculate on the relationship
between moderate Scr-RNAi phenotypes in Oncopeltus and the diversity found in the
T1 segment in insects in general.

As described in Chesebro et al. (2009), the

morphologies of the prothorax in hemipterans vary from shortened and elevated
(ambush bug) to flattened and serrated (flat bug).

The most extravagant T1

modifications, by far, can be found in the treehoppers in which an enormous pronotum
extends the entire length of the insect’s body or even beyond the abdomen (Chesebro
et al. 2009). The current work in Oncopeltus shows that the T1 segment of moderate
Scr-RNAi milkweed bugs develops a wavy texture reminiscent of the prothorax of the
ambush bug (Chesebro et al., 2009). This resemblance suggests a possibility that a
common Scr-triggered mechanism may account for some of the diversity observed
between the prothoracic segments of different insect lineages. Focusing future RNAi
studies to species that feature a distinct prothorax will be necessary to elucidate further
the putative role of Scr in the divergence of adult T1 morphologies.
The advent of wings was perhaps the most significant morphological innovation
during insect evolution. While it is commonly considered that wings evolved only once
(i.e. are monophyletic), how when and why these structures appeared in insects is a
perplexing question that has intrigued biologists for decades (Grimaldi and Engel,
2005). Currently there are two main theories regarding wing evolution: (i) the paranotal
lobe theory, and (ii) the exite or gill theory (Grimaldi and Engel, 2005). The paranotal
theory suggests that wings evolved from extensions of the thoracic terga called
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paranotal lobes (Grimaldi and Engel, 2005; Hamilton, 1971; Quartau, 1986; Snodgrass,
1935). In contrast, the exite or gill theory proposes that insect wings evolved by the
modification of pre-existing limb branches of ancestral appendages that probably were
first modified into gills, and then eventually into wings (Averof and Cohen, 1997;
Grimaldi and Engel, 2005; Kukalova-Peck, 1991; Wigglesworth, 1973).

The latter

theory has been supported by molecular data showing that two genes that have wingspecific functions in insects are also expressed in dorsally located limb branches
(epipodites) that have respiratory and osmoregulatory functions in two crustaceans
(Averof and Cohen, 1997). However, the homology of divergent structures can never
be proven with absolute certainty (Averof and Cohen, 1997) and, therefore, an insect
model system is necessary to truly delineate the evolutionary origin of wings.
As this study shows, hemimetabolous insects offer an opportunity to genetically
manipulate wing development during post-embryogenesis. In particular, the normally
wingless prothoracic segment can provide an insight into how wings can develop de
nuovo. Hence, it is now possible to compare and contrast the development of normal
wing primordia on the T2 and T3 segments with those that appear ectopically on T1.
Utilizing these ectopic structures to study wing initiation on a cellular and genetic level
will be key to testing the paranotal theory. Specifically, comparative gene expression
and cellular differentiation patterns between T2 and ectopic T1 wings can determine
whether the normal processes are recapitulated in the ectopic structure, and hence, test
the hypothesis that wings may be derived from thoracic plates.
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CHAPTER 5
FUNCTIONAL ANALYSIS OF SCR DURING EMBRYONIC AND POST-EMBRYONIC
DEVELOPMENT IN THE COCKROACH, PERIPLANETA AMERICANA
This chapter has been accepted for publication in Developmental Biology:
Steven Hrycaj, John Chesebro and Aleksandar Popadic. 2010. Functional analysis
of Scr during embryonic and post-embryonic development in the cockroach, Periplaneta
americana. Developmental Biology (2010), doi: 10.1016/j.ydbio.2010.02.018.
Abstract
The cockroach, Periplaneta americana represents a basal insect lineage that
undergoes the ancestral hemimetabolous mode of development. Here, we examine the
embryonic and post-embryonic functions of the hox gene Scr in Periplaneta as a way of
better understanding the roles of this gene in the evolution of insect body plans. During
embryogenesis, Scr function is strictly limited to the head with no role in the prothorax.
This indicates that the ancestral embryonic function of Scr was likely restricted to the
head, and that the posterior expansion of expression in the T1 legs may have preceded
any apparent gain of function during evolution. In addition, Scr plays a pivotal role in
the formation of the dorsal ridge, a structure that separates the head and thorax in all
insects. This is evidenced by the presence of a supernumerary segment that occurs
between the labial and T1 segments of RNAiScr first nymphs and is attributed to an
alteration in engrailed (en) expression.

The fact that similar Scr phenotypes are

observed in Tribolium but not in Drosophila or Oncopeltus reveals the presence of
lineage-specific variation in the genetic architecture that controls the formation of the
dorsal ridge. In direct contrast to the embryonic roles, Scr has no function in the head
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region during post-embryogenesis in Periplaneta, and instead, strictly acts to provide
identity to the T1 segment.

Furthermore, the strongest Periplaneta RNAiScr

phenotypes develop ectopic wing-like tissue that originates from the posterior region of
the prothoracic segment. This finding provides a novel insight into the current debate
on the morphological origin of insect wings.
Introduction
The tri-partite division of the insect bauplan into a head, thorax and limbless
abdomen is a class-defining feature that differentiates this group from other arthropods.
Hence, it would seem likely that the developmental networks controlling the
establishment of these three regions would also be conserved. However, what is only
now becoming evident is that there may be an extensive amount of lineage-specific
variation in these networks. For example, a recent functional analysis of the paireddomain gene nubbin (nub) in the milkweed bug Oncopeltus fasciatus has shown that
the limbless abdomen is established differently as compared to Drosophila (Hrycaj et
al., 2008). In a similar fashion, studies of the homeotic gene Cephalothorax (Cx), an
ortholog of Sex combs reduced (Scr), have shown that in the absence of this gene, an
extra supernumerary segment forms between the labial and T1 segments in Tribolium
(Shippy et al., 2006). Interestingly, this phenotype has never been reported for similar
Scr analyses conducted in either Oncopeltus or Drosophila (Chesebro et al., 2009;
Hughes and Kaufman, 2000; Pattatucci et al., 1991; Struhl, 1982), and suggests that
Tribolium has evolved a variation in the developmental program that acts to properly
maintain the separation of the head and thorax that differs from the latter two species.
However, what still remains unclear is whether this function of Scr is specific to
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Tribolium or if it is an ancestral function that has been subsequently lost in both
Oncopeltus and Drosophila.
While there is an extensive amount of data available on Scr function during
insect development, these studies have been primarily performed in holometabolous
species such as Drosophila and Tribolium in which the larval and pupal stages are
phenotypically different from the eventual adult morphology (Beeman et al., 1993;
Beeman et al., 1989; Curtis et al., 2001; DeCamillis et al., 2001; Pattatucci et al., 1991;
Shippy et al., 2006; Struhl, 1982). In contrast, the majority of insect lineages undergo a
hemimetabolous mode of development in which the embryo hatches into a nymph that
is phenotypically similar to the adult. While there is data available on the roles Hox
genes play in the embryonic development of such species (Angelini et al., 2005;
Chesebro et al., 2009; Hughes and Kaufman, 2000; Hughes and Kaufman, 2002;
Mahfooz et al., 2007), we are only now beginning to understand exactly what roles
these genes play during post-embryonic development. In fact, Chesebro et al. (2009)
represents the only such study and has shown that the embryonic functions of Scr differ
from those observed during post-embryonic development in the hemimetabolous
species Oncopeltus (milkweed bug).
In this study, we chose to perform a detailed expression and functional analysis
of Scr at both the embryonic and post-embryonic level in the cockroach Periplaneta
americana due to the fact that this species represents a more primitively winged insect
lineage as compared to milkweed bugs. Results from our embryonic analysis indicate
that, similar to Oncopeltus, the primary functions of Scr are restricted to the head region
during embryogenesis with little to no effect on the prothoracic segment. However, in
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contrast to Oncopeltus, the T1 legs of Periplaneta RNAi-Scr first nymphs are wild type
despite distinct embryonic expression of Scr at both the mRNA and protein level in
these appendages (Passalacqua et al., 2009b). In addition, Periplaneta RNAi-Scr first
nymphs also develop an ectopic supernumerary segment between the labial and
prothoracic segments reminiscent of the one previously described in Tribolium Cx
mutants (Shippy et al., 2006). Similar to what was previously reported in Oncopeltus
(Chesebro et al., 2009), the primary effect of Scr during post-embryogenesis is to direct
the proper growth and development of the prothoracic segment in Periplaneta.

In

addition, the abolition of Scr during later nymphal stages results in the growth and
formation of ectopic T1 wings that originate from the paranotal region of the T1
segment.
Materials and Methods
Periplaneta cultures
Original colonies of Periplaneta adults and nymphs were purchased from
Carolina Biological Supplies Company and were used to establish laboratory cultures.
Both adults and nymphs were reared at 25°C in plastic terrariums with a thick layer of
petroleum jelly around the top perimeter to prevent them from escaping and were fed a
diet of apples, cat food, and tap water.
Similar to Oncopeltus, Periplaneta also exhibits the hemimetabolous mode of
development in which nymphs that hatch from eggs resemble miniature adults except
that they lack wings and are sexually immature.

Unlike Oncopeltus however, the

number of molts between the first instar and the final adult varies quite considerably,
ranging anywhere between 6 to 14 times (Bell and Adiyodi, 1982). This variation exists
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even in controlled environments in which temperature, size of container, and the
numbers of individuals reared together are closely monitored (Bell and Adiyodi, 1982).
In our rearing conditions, the average number of nymphal molts was approximately 7,
with at least one month of time between each nymphal stage.

Overall, it takes

approximately one year for Periplaneta to develop from egg to adult under our
laboratory conditions.
Cloning of Periplaneta americana Scr (Pa-Scr) fragment
Mixed stages of Periplaneta embryos were used for total RNA extraction using
Trizol (GibcoBRL/Life Technologies) following the manufacturers protocol.

cDNA

synthesis, RT-PCR, and cloning were performed as described in (Li and Popadic,
2004)).

Two degenerate primers targeted to the conserved amino acid motifs

PQIYPWM (5’ CCR CAR ATH TAY CCR TGG ATG 3’) and WFQNRR (5’ GCT CTA
GAC GIC GRT TTT GRA ACC A 3’) were used to generate a 225 bp fragment of Scr
that contains the highly conserved homeodomain region. Ten clones were isolated and
sequenced. The resulting nucleotide sequences were then compared to each other and
previously published Scr data in GenBank and were determined to be a Periplaneta Scr
ortholog. In order to obtain a larger fragment of Periplaneta Scr, we used the above
sequence as a template to design unique primers for 3’ RACE amplification using the
FirstChoice RLM-RACE Kit (Ambion). By using this approach we were able to obtain an
additional 420bp of sequence including the stop codon and the 3’ untranslated region
(GenBank sequence accession number GU725444).

Our analysis showed that

whereas both fragments yielded comparable results, the larger 3’ RACE fragment
produced less phenotypic variation in our RNAi experiments and slightly stronger and
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more specific signal in our in situ analyses. To address the possibility of non-specific
effects, we injected a previously cloned 710 bp fragment of the jellyfish Green
Fluorescent Protein (GFP) (Chesebro et al., 2009) into the abdomens of either fertilized
Periplaneta adult females or later staged nymphs. All resulting first nymph progeny or
emerged adults were indistinguishable from wild type. In addition, Scr in situ analyses
performed on random embryos collected from Scr dsRNA injected females from clutch 3
and on showed no staining (Fig. 5.1E).

Together, these results suggest that the

phenotypes observed from dsScr injections can be attributed to the specific loss of Scr
function.
Immunohistochemistry
Various stages of Periplaneta embryos were hand dissected from their oothecae
(egg cases) and fixed for either in situ hybridization (as according to (Li and Popadic,
2004)) or antibody staining (as according to (Mahfooz et al., 2004).

Riboprobe

synthesis for both Periplaneta Sex combs reduced (Scr) and Engrailed (En) as well as
the in situ hybridization procedure were performed as described in (Li and Popadic,
2004)).

The clone used to generate the Periplaneta En riboprobe was generously

provided by J.P. Couso (University of Sussex, U.K.). Expression of SCR protein was
detected using a rat polyclonal antibody generated against a C-terminal fragment of
Drosophila SCR kindly donated by D.J. Andrew and M.P. Scott (unpublished). This
antibody has been effectively proven to cross react in several hemimetabolous insect
species (Passalacqua et al., 2009b), Tribolium (Curtis et al., 2001) and in crustaceans
(Abzhanov and Kaufman, 1999). The staining was performed as previously described
in (Passalacqua et al., 2009b). The antibody was detected by using a secondary anti-
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rat antibody that was conjugated to FITC (The Jackson Laboratory). Detailed protocols
on

maintaining

Periplaneta

cultures,

collection/fixation

of

embryos

and

immunohistochemistry are available upon request.
Preparation of Pa-Scr dsRNA
The cloned cDNA fragments of Periplaneta Scr were linearized with the Not-I and
Pme-I restriction enzymes and were subsequently used as templates to generate sense
and anti-sense single stranded RNA transcripts using the T3/T7 MEGAscript kit
(Ambion).

Following ethanol precipitation, the concentration of each transcript was

determined using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific). The
two strands were annealed by mixing equimolar amounts of the sense and anti-sense
transcripts and running a PCR-type reaction that initiated at 85°C, and then slowly
cooled as follows: 55°C for 20 minutes; 40°C for 10 minutes; 30°C for 5 minutes.
RNA-interference (RNAi)
Approximately 4uL of a 3ug/uL concentration of Periplaneta Scr dsRNA was
prepared and injected into a single side of the abdomen of adult females using a
Hamilton syringe with a 32-gauge needle. Three hours following the original injection,
an additional 4µl of Scr dsRNA of the same concentration was injected into the other
side of the abdomen. Injected females were then placed in cages with one male per
female. Typically between five and eight pairs of males and females were kept in a
single container. Oothecae, each of which contain 12-18 eggs, were collected several
times per week and placed in Petri dishes with a moist paper towel and sealed with
parafilm.

Embryos were allowed to mature at 30°C until hatching, which usually

occurred in approximately 30 days, upon which their phenotypes were analyzed.
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Typically, the first 2-3 clutches were wild type. Subsequent clutches showed phenotypic
alterations that persisted for at least 20 clutches before reverting back to wild type.
Maternal RNAi experiments were repeated three times with a total of 22 adult
females injected.

In short, a total of 820 first nymphs were examined with 432

displaying a wild type phenotype and 388 displaying an RNAiScr phenotype.

In

addition, a total of 346 Scr-depleted embryos were fixed for subsequent molecular
analysis.
On average, under our laboratory conditions, there are approximately seven
nymphal stages of Periplaneta post-embryonic development. To perform our nymphal
RNAi experiments, we injected approximately 4uL of a 3ug/uL Scr dsRNA solution into
the abdomens of Periplaneta nymphs at various stages (3rd-4th, 5th-6th, and 7th) using a
Hamilton syringe with a pulled glass capillary needle. Briefly, a total of 21 nymphs at
stages 3-4, 18 nymphs at stages 5-6 and 19 nymphs at stage 7 were injected. All
injections performed at stages 3-6 were boosted with an additional 4uL of Scr dsRNA
every three weeks until the nymph either matured to adult or died during postembryogenesis. In addition, 19 7th staged nymphs were injected only once in order to
assess the contributions that Scr solely has during the final nymphal stage.

On

average, injections at early stages of development (stages 3-4) were generally lethal
(80%) with few surviving individuals displaying more moderate phenotypes. These data
indicate that there may be a functional requirement for Scr during early stages of
Periplaneta of post-embryogenesis and that the complete abolition of Scr transcript
during these stages is lethal.

A similar situation has been recently reported in

Oncopeltus, in which the abolition of Scr during early post-embryonic stages was lethal
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(Chesebro et al., 2009). In contrast, injections at the 5th-6th nymphal stages generally
resulted in moderate to strong phenotypes (61%) with small percentages of weak
phenotypes (6%) and lethality (33%). Finally all surviving 7th staged nymphal injections
resulted in weak phenotypes only, suggesting that Scr function may be continuously
required throughout post-embryogenesis in Periplaneta.
RT-PCR analysis
Periplaneta sixth nymphs were injected with 4µl of a 3µg/µl concentration of Scr
dsRNA and allowed to molt into seventh nymphs. At this stage, the T1 plates from
three RNAiScr 7th staged nymphs were dissected and the total RNA was extracted in
three independent reactions using Trizol (GibcoBRL/Life Technologies). This RNA was
subsequently used as a template to generate cDNA utilizing a poly-T primer (Promega).
For comparison, total RNA and cDNA was generated from wild type T1 plates in an
identical manner. Equal concentrations of cDNA of both wild type and RNAiScr seventh
nymphs were subsequently used as templates in individual PCR reactions to assess the
amount of Scr transcript that was abolished in injected individuals. Unique Scr primers
were designed according to the shorter Periplaneta Scr fragment described in this
study.

As a positive control, primers were also designed to the Periplaneta 18S

ribosomal subunit sequence originally published in (Giribet et al., 2001)) and were used
in both wild type and Scr injected seventh nymphs.

The PCR conditions were as

follows: 94°C for 3 min; 30 cycles of 94°C for 30 seconds, 55°C for 30 seconds, 72°C
for 30 seconds; one cycle of 72°C for 7 minutes.
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Results:
I. Embryonic functions of Scr in Periplaneta Americana
Embryonic expression patterns of Scr in Periplaneta Americana
A 420bp partial cDNA fragment specific to the 3’ end of Periplaneta americana
Scr (Pa-Scr) was used to study the patterns of mRNA accumulation throughout
embryonic development. At ≈10% development, Scr is broadly expressed in the midposterior region of the embryo with two strong bands of expression that correspond to
the future Lb/T1 segments (Fig. 5.1A). At approximately 20% development, strong Scr
signal localizes to the labial segment only (Fig 5.1B). Slightly later in development,
when limb buds are fully formed (≈25%), Scr signal remains localized to the labial
segment, with no expression in the maxillary or T1 segments (Fig. 5.1C). As described
in Passalacqua et al. (2010), during dorsal closure Scr signal is maintained in the labial
appendages and fades away in the mid-ventral region of the segment. At later stages
(≈65%), Scr expands into the T1 segment, with clear signal in the dorsal T1 region (Fig.
5.1D, orange arrowhead) and in two discrete clusters of cells in the T1 legs (Fig. 5.1D,
white arrowheads). Overall, both mRNA and protein expression data (Passalacqua et
al., 2009b) show that Scr signal is initially confined to the labial segment at early stages
of development and does not expand into the T1 segment and its associated
appendages until much later. These data suggest that the primary embryonic functions
of Scr should be to control the proper development of the labial segment and its
appendages, with a secondary role in the T1 segment. In order to test this hypothesis,
we employed a parental RNAi (pRNAi) approach to assess the embryonic functions of
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Figure 5.1. Embryonic expression patterns of Scr in Periplaneta americana. (A) At
≈10% development, Scr mRNA is broadly expressed in the mid-posterior region with
two strong bands that correspond to the future Lb/T1 region. (B) At ≈20% development,
strong Scr mRNA localizes to the labial segment. (C) Slightly later at ≈25%, Scr
continues to be solely expressed in the labium with no signal in the Mx or T1 segments.
(D) SCR protein accumulation in an embryo at ≈75% development. While strong
expression remains in the labial palps, SCR has now expanded into the T1 segment
with clear signal in the dorsal T1 region (orange arrowhead) and in two discrete clusters
of cells in the T1 leg (white arrowheads). (E) RNAiScr embryo that has been stained for
Scr mRNA accumulation. The lack of signal indicates the complete depletion of Scr.
Abbreviations: Mn = Mandibles, Mx = Maxillary, Lb =Labial, T1 = First thoracic segment.
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Scr in Periplaneta. Scr in situ analyses performed on random embryos collected from
clutch 3 and on showed no staining, indicating that our pRNAi application completely
abolishes its expression (Fig. 5.1E).
Role of Scr in Periplaneta labial development
Periplaneta exhibits the ancestral mandibulate or “chewing” mouthparts where the labial
segment is fused at the base with each side composed of three “branches” called the
glossa (innermost), the paraglossa (middle), and the labial palp (outermost) (Fig. 5.2A).
The labial palp is articulated and composed of three sub-segments that, for ease of
description, will be referred to as S1 (most proximal), S2 and S3 (most distal). In
moderate RNAiScr phenotypes, the S2 sub-segment of the labial palp develops several
large, sclerotized bristles (arrowheads) that are reminiscent of those found on the femur
of thoracic legs (Fig. 5.2B).

The S3 sub-segment is also modified and develops

numerous bristles and long hairs (Fig. 5.2B, asterisk) that appear to have a mixed
leg/antennal identity.

Strong RNAiScr first nymph phenotypes (Fig. 5.2C) are

characterized by a complete transformation in which S2 assumes the identity of the T1
femur complete with a row of organized bristles (arrowheads) along the ventral margin.
In addition, a large spur develops at the distal end of S2 (arrow), which is a distinct
feature of the femoral segment of wild type thoracic legs. The third sub-segment is also
transformed, becoming partially segmented with a mixed leg-antennal identity. Note
that the distal-most portion of S3 (Fig. 5.2C, asterisk) exhibits hairs that are reminiscent
of ones found on antennae (Fig. 5.2C1). At the same time, the morphologies of the
glossa and paraglossa remain unaltered even in the strongest observed RNAi
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Figure 5.2. Embryonic RNAiScr phenotypes in the labial palps and T1 legs of
Periplaneta. (A-C) Wild type and RNAiScr labial phenotypes. (A) Wild type labium of
first nymph. The articulated labial palps are composed of three sub-segments: S1
(proximal), S2 (middle), and S3 (distal). (B) The labial palps of a moderate RNAiScr
first nymph. The phenotypic effects are most noticeable in S2 and S3 where large
thoracic leg-like ectopic bristles form (black arrowheads). The distal half of S3 develops
numerous hairs (*) resembling those covering the antennae; compare to (C1). (C)
Strong RNAiScr first nymph showing a transformation of the labial palp into a mixed legantennal identity. S2 shows a complete transformation, assuming the identity of the T1
femur. Note the row of bristles (black arrowheads) and the large spur at its distal end
(black arrow; compare to 1D, black arrow). S3 transforms into a mixed leg (proximal)
and antennal (distal) identity. (C1) Distal tip of a wild type antenna; compare with distal
half of transformed S3 in B and C (*). (D-F) Wild type and RNAiScr T1 and T2 leg
phenotypes. (D) Wild type T1 leg. (E) T1 leg of RNAiScr first nymph. The femur is
characterized by a row of approximately seventeen small, closely organized bristles
along the entire length of the ventral side. These features remain unaffected in Scrdepleted nymphs, compare to wild type T1 femur in D. (F) Wild type T2 leg showing
similar morphology to T1 legs. The only observable difference is the row of bristles
along the ventral margin, which are fewer in number (approximately 10) and more
spaced out. (D1-F1) Magnified view of boxes in D-F showing that the T1 leg of RNAiScr
first nymphs retains its identity.
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phenotypes and suggest that Scr does not play a role in the establishment of these
structures. These results indicate that the role of Scr during embryonic development in
Periplaneta is restricted to controlling the identity of the labial palps, but not the entire
labial appendage.
Role of Scr in Periplaneta T1 leg development
Unlike the situation observed in Drosophila, Tribolium and Oncopeltus, the T1
legs of Periplaneta first nymphs only slightly differ from their T2 counterparts.
Specifically, the femurs of both T1 and T2 legs contain an organized row of bristles
along the ventral side, with approximately 17 bristles on T1 legs that are closely spaced
together and only approximately 10 bristles on the T2 femur that are spaced further
apart (compare Fig. 5.2D1 to Fig. 5.2F1). Notably, the T1 femoral bristle pattern in the
prothoracic legs of Periplaneta RNAiScr first nymphs is unaffected and the appendages
appear wild type (compare Figs. 5.2D1 and Fig. 5.2E1). These data show that despite
clear T1 leg expression at later stages of development (Fig. 5.1D; (Passalacqua et al.,
2009b), Scr has no obvious role in defining the external morphology of this appendage.
Role of Scr in dorsal ridge development
The dorsal ridge is a multipartite structure that forms a division between the head
and thoracic region in insects (Rogers and Kaufman, 1996; Shippy et al., 2006). As
originally proposed by (Rogers and Kaufman, 1996)), the dorsal ridge is composed of
both gnathal and pregnathal segments and can be divided into two parts, Dr-I and Dr-II.
Dr-I is the segmental like entity that forms from the dorso-lateral extension of the labial
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Figure 5.3. Dorsal ridge phenotypes of RNAiScr Periplaneta americana first nymphs.
(A) Wild type first nymph showing the characteristically large pronotum that conceals
most of the head. (A1) Ventral view of the head and thoracic boundary. (B) Lateral
view of wild type first nymph. (B1) Magnified view of lateral head and T1 of wild type
first nymph shown in (B). Black arrows in A, B, and B1 point to the dorsal ridge (C)
Strong RNAiScr nymph phenotype showing the development of a supernumerary
segment between the head and the prothorax. (C1) Extra segment viewed from the
ventral side (open black arrowheads point to the ectopic segment). (D) Lateral view of
RNAiScr first nymph. (D1) Close up of supernumerary segment shown in (D). Black
brackets depict the length of the ectopic segment in (D-D1). Abbreviations: ant =
antenna; fe = femur; gl = glossa; pg = paraglossa; lp = labial palp; S1 = sub-segment 1
of lp; S2 = sub-segment 2 of lp; S3 = sub-segment 3 of lp.
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and maxillary segments during dorsal closure, while Dr-II is derived from the dorsalmost portions of the maxillary, mandibular, intercalary and antennal segments (Rogers
and Kaufman, 1996). As shown in Figs. 5.3C-D1, strong RNAiScr Periplaneta first
nymphs develop an ectopic supernumerary segment between the head and prothorax
that disrupts the ancient boundary that is normally defined by the dorsal ridge. This
result indicates that Scr plays a pivotal role in directing the proper establishment of this
highly conserved division in Periplaneta.
Previous studies in Drosophila and Tribolium have shown that Scr expression colocalizes with that of the segment polarity gene engrailed (en) in the posterior portion of
Dr-I and suggests that both Scr and en may play important roles in the proper formation
of the labial and maxillary derived portions of the dorsal ridge (Rogers and Kaufman,
1996; Shippy et al., 2006).

More specifically, the first evidence of dorsal ridge

development is the connection of stripes of en expression in the posterior compartments
of the maxillary and labial segments by a second stripe of en expression along the
lateral edge of the anterior compartment of the labial segment (Rogers and Kaufman,
1996; Rogers et al., 1997; Shippy et al., 2006). This lateral connection of the labial and
maxillary stripes of en expression has been reported for all insects studied to date,
including Periplaneta (Marie and Bacon, 2000; Patel et al., 1989; Peterson et al., 1998;
Rogers and Kaufman, 1996; Rogers et al., 1997; Shippy et al., 2006). Once connected,
this single band of en expression subsequently extends dorsally and ultimately forms
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Figure 5.4. Engrailed (en) mRNA accumulation in wild type and RNAiScr Periplaneta
americana embryos. (A) Wild type embryo showing a combined Mx/Lb stripe of
engrailed expression that circumvents the embryo. (A1) Close up of the embryo shown
in (A). Green arrowhead points to the single Mx/Lb stripe of en expression. (B)
Similarly staged RNAiScr embryo stained for en mRNA accumulation. The single band
of Mx/Lb expression bifurcates (green arrowhead) and results in the formation of a de
novo band of en expression anterior to the Lb stripe. Abbreviations: Mx = Maxillary, Lb
=Labial.
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the posterior portion of the dorsal ridge (Rogers and Kaufman, 1996; Rogers et al.,
1997; Shippy et al., 2006). As depicted in Fig. 5.4A-A1, this process is conserved in
Periplaneta, as a single band of combined maxillary and labial expression extends
dorsally to encircle the developing embryo during dorsal closure. However, in RNAiScr
embryos, this single band of expression bifurcates during dorsal extension, resulting in
the formation of a de novo band of en expression anterior to the labial stripe (Fig. 5.4B,
green arrowheads). The presence of two stripes of en expression correlates with the
presence of the two additional segmental grooves that appear on either side of the
ectopic supernumerary dorsal segment in strong RNAiScr Periplaneta first nymphs (Fig.
5.3D1).
II. Post-embryonic functions of Scr in Periplaneta americana
Unfortunately, first nymphs that hatch from maternal RNAiScr injections never
successfully complete post-embryonic development and usually die by the third
nymphal stage. This result indicates that there may be a critical functional requirement
of Scr during the early stages of Periplaneta post-embryogenesis, similar to that what
was reported in Oncopeltus (Chesebro et al., 2009).

To circumvent this induced

lethality, we focused our post-embryonic analysis of Scr function on the final three
stages of development.

In general, RNAiScr performed at the last nymphal stage

resulted in weak to moderate phenotypes, while treatments 2-3 stages prior to
adulthood resulted in much stronger phenotypes.

These data suggest that the

functional requirement of Scr during post-embryonic development in Periplaneta may be
cumulative and is reminiscent of the situation observed in Oncopeltus (Chesebro et al.,
2009). In order to determine the effectiveness of our RNAi methodology, injected sixth
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stage nymphs were allowed to molt into the next stage upon which their T1 plates were
dissected and evaluated for Scr mRNA. As shown by our RT-PCR analysis in Fig.
5.6E, the expression of Scr mRNA is abolished in T1 of RNAiScr nymphs and indicates
that the observed adult phenotypes can be attributed to the depletion of Scr.
Scr abolition does not affect structures previously established during embryogenesis
Due to their hemimetabolous mode of development, the final morphology of the
labial appendage in Periplaneta is established during embryogenesis and only
increases in size during post-embryogenesis. Despite the wide range of severity of
RNAiScr phenotypes, the labial appendage is never affected and appears wild type
(Fig. 5.5A-B).

In addition, there is no change in the morphology of the T1 legs

regardless of the stage at which the RNAi treatment was performed (Fig 5.5C-D). This
is consistent with our observation in first nymphs (Fig. 5.2D-F), suggesting that Scr does
not play a role in establishing the external morphology of these appendages during
either embryonic or post-embryonic development.

Overall, results from Oncopeltus

(Chesebro et al., 2009) and Periplaneta (this study) indicate that the post-embryonic
abolishment of Scr has little to no effect on structures that are previously established
during embryogenesis in hemimetabolous insect species.
The role of Scr in the prothorax
In contrast to appendages such as mouthparts and legs, the prothoracic (T1)
plate itself displays major morphological alterations with regard to its size and shape
throughout post-embryogenesis. As shown in Fig. 5.6A, the wild type adult pronotum is
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Figure 5.5. Comparison of the labial appendages and the thoracic legs of wild type and
RNAiScr Periplaneta americana adults. (A) Dissected head of a wild type adult. (B)
Dissected head of an RNAiScr adult. Note that the labial appendages are unaffected
and appear wild type. (C) Wild type adult T1 leg. (D) T1 leg of an RNAiScr adult. The
legs remain unaltered and do not take on a T2 identity. (E) Wild type adult T2 leg.
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a greatly enlarged, oval-shaped structure that is morphologically distinct from T2,
particularly in the posterior margins. More specifically, the T1 segment has a rounded,
smooth morphology while the posterior margin of T2 exhibits a thickening of the cuticle
that forms a ridge-like structure (Fig. 5.6A, white arrowheads). A second unique feature
of T2 is the presence of a longitudinal invagination at the point where the left and right
plates meet at the midline (Fig. 5.6B, lower green arrowhead).

In strong RNAiScr

phenotypes, the prothorax is transformed toward a T2-like identity as evidenced by the
appearance of an ectopic thickening of the cuticle of the posterior margin of this
segment (Fig. 5.6C1-C3). In addition, an ectopic groove appears along the midline of
the T1 segment that is normally only seen on T2 (Fig. 5.6B, green arrowheads). These
data mirror what was recently reported in Oncopeltus (Chesebro et al., 2009), and
provide independent corroboration that the input of Scr is critical for the proper growth
and development of the T1 segment during post-embryonic development in
hemimetabolous insect species.
Scr suppresses wing development on the prothorax during post-embryonic development
in Periplaneta
The most noticeable post-embryonic phenotype is the presence of ectopic wings
that clearly originate from the paranotal tissue of the prothorax (Fig. 5.6D-D1). Normally
in wild type, wing pads begin to form on the meso- and metathorax (T2 and T3,
respectively) two to three nymphal stages preceding adulthood and easily distinguish
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Figure 5.6. Adult RNAiScr phenotypes of the prothoracic (T1) segment in Periplaneta
americana. (A) Dorsal view of the prothoracic (T1) and mesothoracic (T2) segments of
a wild type adult. The posterior margin of T1 has a rounded, smooth morphology while
T2 exhibits a thickening of the cuticle that forms a ridge-like structure (white
arrowheads). (B) Dorsal view of the prothoracic (T1) and mesothoracic (T2) segments
of a RNAiScr adult. The posterior margin of T1 now exhibits a thickening of the cuticle
and starts to assume a T2-like identity. In addition, an ectopic groove appears along
the midline of the T1 segment that is normally only found on T2 (green arrowheads).
(C1) Close up of the posterior portion of the T1 segment of the wild type adult shown in
(A). (C2) Close up of the posterior portion of the T1 segment of the RNAiScr adult
shown in (B). Note that the cuticle exhibits a thickening and appears like the ridge-like
structure present on T2 (compare to (C3)). (C3) Close up of the posterior portion of the
T2 segment of the RNAiScr adult shown in (B). This segment is unaffected and
appears wild type (compare to (A)). (D) Strong RNAiScr adult phenotype. Ectopic
wing-like tissue develops from the posterior lateral portion of T1. (D1) Close up view of
the left ectopic wing-like tissue of the strong RNAiScr adult shown in (D). (E) RT-PCR
analysis of Scr mRNA in the prothoacic plates of seventh nymphs. RNAiScr nymphs
show a complete depletion of Scr mRNA in T1 as compared to wild type.
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Figure 5.7. Morphology of Periplaneta wild type and RNAiScr seventh instars. (A-B2)
Wild type. (C-D1) RNAiScr. (A) Wild type seventh nymph pronotum (T1) and
mesonotum (T2). Note the large wing pads (arrows) on the lateral margins of T2
making this segment morphologically distinct from T1. (B) Dorsal image of wild type T1
and T2 illuminated by indirect light. The branching wing veins (trachea) along the lateral
margins of T2 are quite evident, while trachea are not observed in the pronotum. (B1)
Magnified image of lateral margin of T1 (upper box in B). Note the absence of wing
veins. (B2) Magnified image of lateral margin of T2 (lower box in B). Branched veins
are clearly present in the developing wing pad. (C) T1 and T2 of an Scr-RNAi seventh
nymph. Compared to wild type, the morphology of T1 is altered due to the development
of ectopic wing pads at the lateral margins of this segment. (D) Close-up view of lateral
margins of T1 and T2 illuminated with indirect light showing the development of trachea
in the ectopic wing pads. (D1) The development of veins in T1 is unmistakable
(compare to B1). Note, however, that the developing trachea are not identical to those
in wild type T2, suggesting an incomplete transformation of T1 toward T2. Legend: T1 =
prothorax; T2 = mesothorax; wp = wing pad.
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these two segments from T1, which lacks these structures. By the last nymphal stage,
the wing pads on T2 increase in size and point toward the posterior, while T1 remains
devoid of wing pads (Fig. 5.7A). In addition, under indirect lighting conditions wing
veins (trachea) become clearly evident in the lateral margins of T2 wing pads (Fig.
5.7B2) while T1 lacks these structures even at high magnification (Fig. 5.7B1). Our
data show that RNAiScr treatments administered at the last nymphal stage generally
result in weak phenotypes.

However, RNAi treatments two to three stages before

adulthood generally result in much stronger phenotypes as evidenced by the formation
of an ectopic wing pad on the prothoracic segment at the last nymphal stage. As shown
in Fig. 5.7C, the ectopic T1wing pad exhibits a posterior-lateral extension of tissue that
is reminiscent of the morphology of the meso-thoracic wing pad.

In addition, this

ectopic structure also features the formation of trachea that is normally only found within
the lateral regions of the T2 wing pads (Figs. 5.7D-D1). The fact that earlier RNAiScr
treatments generally result in stronger phenotypes, complete with an ectopic wing pad,
suggests that the suppression of the wing developmental program on T1 by Scr may be
cumulative, and that the input of this gene may be required throughout postembryogenesis to completely suppress wing growth on this segment. These data may
at least partially explain why fully developed wings can never be recapitulated when Scr
is depleted at later nymphal stages in both Periplaneta (this study) or in Oncopeltus
(Chesebro et al., 2009).
Discussion
Studies in Drosophila, Tribolium, and Oncopeltus have shown that Scr functions
in two distinct body regions (head and thorax), playing critical roles in establishing
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identity to the labial segment, suppressing wing growth on the prothoracic segment and
directing the formation of T1 leg combs (Beeman et al., 1993; Beeman et al., 1989;
Chesebro et al., 2009; Curtis et al., 2001; DeCamillis et al., 2001; Hughes and
Kaufman, 2000; Pattatucci et al., 1991; Shippy et al., 2006; Struhl, 1982; Wakimoto et
al., 1984). Scr expression analyses have also been performed in a wide range of insect
species ranging from (listed early to late-branching): Zygentoma, Orthoptera,
Dictyoptera, Hemiptera, Coleoptera, and Diptera (Curtis et al., 2001; Mahaffey and
Kaufman, 1987; Passalacqua et al., 2009a; Passalacqua et al., 2009b; Rogers et al.,
1997; Zhang et al., 2005). As a result, a rather large, comprehensive data set of Scr
expression is available and has been used to gain an insight into how the roles of this
gene may have changed throughout insect evolution.

However, it is necessary to

provide support for hypotheses drawn from such studies with functional data.

The

present study imparts novel insights into this very issue as Periplaneta represents the
most basal insect lineage in which a detailed functional analysis of Scr has been
performed.
Role of Scr in labial development
As shown in Fig. 5.2C, strong Periplaneta RNAiScr phenotypes result in a labial
appendage with a mixed leg/antennal identity. More specifically, the middle (S2) subsegment of the labial palp is clearly transformed into a femur while the distal most subsegment of this appendage (S3) is more reminiscent of an antennae based its on
morphology, bristle patterning and the lack of claws. Note, however, that the inner-most
portions of the labium (glossa and paraglossa) are unaffected even in the strongest
RNAiScr phenotypes. This result is intriguing, as Scr is expressed throughout the labial
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segment at both early and mid embryonic stages of development (Fig. 5.1B-C,
(Passalacqua et al., 2009b). It is only at late stages of development that Scr signal
fades from the proximal portions of the labial appendage and localizes in the distal-most
portions that will eventually form the elongated palps (Fig. 5.1D, (Passalacqua et al.,
2009b). These data suggest that Scr expression at later stages of development is
critical for the proper formation of the labial palps and that the earlier segmental
expression in the labium has no function in the development of the glossa and
paraglossa. It therefore appears that additional genes have to be involved in directing
the formation of these two proximal structures during Periplaneta embryogenesis.
A second intriguing aspect of the labial Pa-Scr phenotype is the clear
morphological distinction between the middle (S2) sub-segment of the palp that is leglike and the distal (S3) one that has an antennal identity. The commonly accepted
paradigm is that insect appendages assume an antennal identity only in a hox-free state
(Percival-Smith et al., 1997; Struhl, 1981). Previous analyses of hox gene function in
the labial segments of Drosophila, Tribolium, and Oncopeltus have all shown that this
paradigm is conserved within these lineages (Brown et al., 2000; Curtis et al., 2001;
DeCamillis et al., 2001; Hughes and Kaufman, 2000; Percival-Smith et al., 1997; Stuart
et al., 1991).

More specifically, in Drosophila and Oncopeltus, both Scr and another

hox gene proboscipedia (pb) are co-expressed in the labium during embryonic
development (Pattatucci et al., 1991; Percival-Smith et al., 1997; Rogers et al., 1997;
Rogers et al., 2002; Struhl, 1982). Accordingly, it is only when both Scr and pb are
simultaneously depleted that the labial appendage assumes an antennal identity in
these species (Hughes and Kaufman, 2000; Percival-Smith et al., 1997). Similarly, the
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Tribolium orthologs of Scr (Cx) and pb (maxillopedia, mxp) are also co-expressed in the
labium during embryonic development (Curtis et al., 2001; DeCamillis et al., 2001;
Shippy et al., 2000a; Shippy et al., 2000b; Shippy et al., 2006). In this species, it has
been determined that Cx positively regulates mxp in this segment (DeCamillis et al.,
2001). As a consequence, the single depletion of Cx causes the labium to develop in a
hox-free state and assumes an antennal identity. Based on the fact that the distal most
sub-segment of the labial palp of RNAiScr Periplaneta first nymphs develops as
antennae (Fig. 5.2C-C1), it is tempting to speculate that a similar Scr/pb regulatory
relationship may also exist in this species as it does in Tribolium. However, such a
putative Scr-pb regulatory relationship does not account for the fact that the middle (S2)
portion of the labial palp is transformed into a femur in RNAiScr Periplaneta first nymphs
(Fig. 5.2C). The fact that at later stages of embryogenesis Scr is only expressed in the
S3 region of the labial palps (Fig. 5.1D) suggests that the S2 sub-segment of this
appendage would likely retain pb expression and function. Studies in Drosophila have
shown that the ectopic expression of pb results in the transformation of legs into
maxillary or labial palps (Aplin and Kaufman, 1997) and that the sole expression of pb
leads to maxillary palp identity (Percival-Smith et al., 1997). According to these data,
the proposed residual pb expression in the S2 sub-segment of the labial palp of
RNAiScr Periplaneta embryos should cause this region to develop as a mouthpart and
not a femur. This result suggests that additional genes are required to establish labial
identity in the cockroach as compared to flies.
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Scr does not play a role in the development of T1 legs in Periplaneta americana
In the insect lineages Drosophila, Tribolium and Oncopeltus, Scr directs the
formation of a T1-specific structure (combs) that clearly differentiates them from their T2
counterparts (Beeman et al., 1989; Chesebro et al., 2009; Hughes and Kaufman, 2000;
Pattatucci et al., 1991). However, the majority of insect lineages do not bear any unique
features on their T1 legs and as a result, are morphologically very similar to their T2
legs. One such example is the cricket species Acheta domestica. Interestingly, Scr is
clearly expressed in the prothoracic legs at both the mRNA (Rogers et al., 1997) and
the protein (Passalacqua et al., 2009b) level in this species despite the fact that they are
morphologically indistinguishable from their T2 counterparts.

Similarly, Scr is also

expressed in the T1 legs of Periplaneta (Fig. 5.1D; (Passalacqua et al., 2009b) which
are morphologically very similar to those that appear on T2. These observations led to
the proposition that the posterior expansion of Scr into the T1 legs of more basal insect
lineages may have preceded any apparent gain of function during evolution
(Passalacqua et al., 2009a; Passalacqua et al., 2009b; Rogers et al., 1997). Consistent
with this scenario, the depletion of Scr has absolutely no effect on defining the external
morphology of T1 legs of Periplaneta first nymphs or adults (Fig. 5.2E, 5.5D). However,
it is possible that Scr may play some role other than defining external morphology of T1
legs, such as in sensory organ differentiation and/or the positioning of PNS neurons.
Future functional testing of Scr in other more basal insect species (such as Acheta) will
be necessary to provide evidence that our observed results are not unique to
Periplaneta.

124
Role of Scr in Dorsal Ridge Development
Studies in several insect groups including Drosophila and Triboilum have shown
that two genes, Scr and the segment polarity gene engrailed (en) are important in the
formation of the dorsal ridge during embryogenesis (Peterson et al., 1998; Rogers and
Kaufman, 1996; Rogers et al., 1997; Shippy et al., 2006). The present study reveals
that these same two genes play a critical role in the normal growth and development of
the dorsal ridge in Periplaneta as well. More specifically, the embryonic abolition of Scr
results in the formation of an ectopic supernumerary segment between the head and
prothoracic (T1) segments (Figs. 5.3C-D1).

Consistent with this phenotype, the

connected stripes of maxillary and labial en expression bifurcate during dorsal extension
in RNAiScr Periplaneta embryos (Fig. 5.4B, green arrowheads), and ultimately form the
de novo boundaries of the ectopic supernumerary segment.

Interestingly, while

functional analyses of the Tribolium Scr ortholog Cx result in an identical phenotype
(Shippy et al., 2006), analogous studies in both Drosophila and Oncopeltus do not
(Chesebro et al., 2009; Hughes and Kaufman, 2000; Pattatucci et al., 1991; Struhl,
1982).

These data reveal the presence of lineage-specific variation in the genetic

mechanisms that controls the formation of the dorsal ridge. In a similar fashion, a
recent report on the functional role of paired domain gene nubbin (nub) in Oncopeltus
has shown that this gene has a novel role in the establishment of the limbless abdomen
by up-regulating the homeotic gene abdominal-A (abd-A) in this species (Hrycaj et al.,
2008). Identical experiments performed in Drosophila indicate that no such regulatory
relationship between nub and abd-A exist in this species (Hrycaj et al., 2008). These
results therefore provide a second instance in which variation exists in the regulation in
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the development of a key insect trait. Future analyses of both Scr and nub in other
more basal insect lineages will therefore be able to shed light onto the ancestral genetic
ground state that governs the formation of such ancient features.
Insect wing origins
One of the most important innovations in the evolution of the insect body plan
was the appearance of articulated, fully functional wings. A remaining fundamental
question is to determine the origin and development of articulated wings. While it is
generally accepted that insect wings originated only once (i.e. are monophyletic), the
morphological origins of these structures remain an unresolved, highly contested debate
that has been ongoing for over a century. There are two main theories regarding the
evolution of these structures. The paranotal theory suggests that insect wings evolved
from fixed extensions of the thoracic terga originally used for gliding from tall terrestrial
vegetation (Grimaldi and Engel, 2005; Hamilton, 1971; Quartau, 1986; Snodgrass,
1935). In contrast, the exite or gill theory proposes that wings are derived from the
dorsal structures of multibranched ancestral appendages that probably functioned as
gills in aquatic environments (Averof and Cohen, 1997; Grimaldi and Engel, 2005;
Kukalova-Peck, 1991; Wigglesworth, 1973). While both theories have gained an equal
amount of support over the past several decades, the use of traditional anatomical,
histological and embryological approaches has been unable to provide a definitive
answer to the question of insect wing origins (Grimaldi and Engel, 2005; Hamilton,
1971; Kukalova-Peck, 1978; Kukalova-Peck, 1991; Quartau, 1986; Ross, 1964;
Snodgrass, 1935; Wigglesworth, 1973).

126
More recently, modern molecular techniques have been employed in an attempt
to distinguish between the two hypotheses. One such study showed that two known
Drosophila wing genes are expressed in the dorsal lobe (distal epipodite) of the
multibrached limbs of crustaceans and therefore, is consistent with the exite theory of
wing origins (Averof and Cohen, 1997). The caveat of this study however, is that the
inferences obtained are indirect since no extant insect species possesses
multibranched appendages.

Hence, such indirect comparative analyses of gene

expression lack the means to definitively prove true homologies of divergent structures
due to the fact that individual genes can acquire different roles in different
developmental contexts (Averof and Cohen, 1997; Choe and Brown, 2007; Choe et al.,
2006; de Jong et al., 1989; Hrycaj et al., 2008; Liu and Kaufman, 2005; Patel et al.,
1992; Schroder, 2003; Stuart et al., 1991).
An alternative approach is to study the histological and genetic origins of insect
wings in a system in which the ancestral form can be recapitulated. According to fossil
evidence, extinct pterygotes exhibited wings on every thoracic and abdominal segment
(Carroll et al., 1995; Kukalova-Peck, 1978; Tanaka and Ito, 1997). Expression and
functional analyses have since established that the subsequent acquisition of Scr in the
prothorax of modern winged insect lineages gained a novel role in suppressing the
ancestral wing developmental program on this segment (Beeman et al., 1989; Carroll et
al., 1995; Chesebro et al., 2009; Rogers et al., 1997).

Scr analyses in two

hemimetabolous lineages, Oncopeltus (Chesebro et al., 2009), Periplaneta (this study),
and in the holometabolous species Tribolium (Beeman et al., 1989; Tomoyasu et al.,
2005) and Drosophila (Rogers et al., 1997) therefore recreate an ancestral condition by
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relaxing the normally suppressed ancient wing developmental program on the
prothorax. As shown Fig. 5.6D-D1, the abolishment of Scr results in the growth of
ectopic T1 wings that originate from the posterior lateral terga of the prothoracic plate.
In addition, SCR protein is expressed in the dorsal lateral region of the prothorax of all
modern winged species at late stages of embryogenesis (Passalacqua et al., 2009b).
This finding pinpoints the exact area where Scr is acting to suppress the ancestral wing
developmental program on T1. Hence, by using Scr signal as a proxy, we can show
that wing primordia are localized to the dorsal lateral region of the prothorax (Fig. 5.1D,
orange arrowhead).
In a strict sense, these combined data swing the pendulum back in support of the
paranotal theory. However, it is important to note that while these data are consistent
with this hypothesis, they do not effectively disprove the exite theory. In essence, while
the present results unambiguously show that ectopic wings arise from the dorsal lateral
portion of the pronotum, what remains to be determined is the cellular origin of the
tissue itself. Based on its position, it is tempting to postulate that the ectopic T1 wing
tissue is of paranotal origin. And yet, it is conceivable to imagine a scenario where the
exopodite tissue in crustaceans was reabsorbed and migrated dorsally in the ancestor
of modern winged insects to its current position on the pronotum. Future studies should
therefore focus on performing critical hypothesis-testing experiments that can provide
support for a single theory. For example, determining that crustacean epipod-specific
genes are expressed in regions outside of the observed embryonic Scr pronotal domain
would identify tissues that are homologous to exites. The distinction of such tissue from
the pronotal domain would provide direct evidence against the exite theory.

Such
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experiments, coupled with studies analyzing the histological origins of ectopic wing
tissue in RNAiScr Oncopeltus or Periplaneta individuals can provide a direct manner for
investigating the evolution of insect wings.
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Appendix 1
Appendix 1. Deformed (Dfd) transcript expression in Periplaneta americana embryos.
(A) At early stages of development, strong Dfd expression is localized throughout the
mandibular and maxillary segments and their associated appendages. The anterior
border of Dfd signal extends into the mid ventral region of the intercalary segment
(arrowhead). (B) At mid development, Dfd remains strongly expressed throughout the
mandibular and maxillary segments with an anterior border extending into the
intercalary region (arrowhead). (C) Slightly later in development, the intercalary
expression of Dfd begins to fade but remains strongly expressed throughout the
mandibular and maxillary segments.
Abbreviations: Mn, mandibles; Mx, maxillary.
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Appendix 2
Appendix 2. Proboscipedia (pb) transcript expression in Periplaneta americana
embryos. (A) At the limb bud stage, pb is localized in the distal tips of the maxillary and
labial appendages with no expression in the mid ventral region of these segments. (A1)
Close up of the embryo shown in (A) highlighting the localization of pb in the distal tips
of the maxillary and labial appendages. (B) Later in development, pb expression
expands into the more proximal regions of the maxillary and labial appendages. Note
that the mid ventral regions of these segments are still devoid of pb signal. (C) At mid
development, strong pb expression is observed in the maxillary and labial palps with
fainter signal in the proximal portion of these mouthparts. (D) Lateral view of a late
staged embryo. Note that while pb signal has faded from the proximal portions of the
maxillary and labial appendages, it continues to be strongly expressed in their distalmost regions.
Abbreviations: Mx, maxillary; Lb, labial.
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Appendix 3
Appendix 3. Comparison of SCR protein and mRNA patterning between Periplaneta
and Oncopeltus. (A) SCR protein (left) and mRNA (right) expression in similarly staged
embryos of the cockroach Periplaneta americana. Arrowheads indicate striped domains
of expression that appear at both the protein and mRNA level in the labial appendage.
Neither SCR protein nor mRNA is detected in the maxillary appendages. (B) SCR
protein (left) and mRNA (right) expression in similarly staged embryos of the milkweed
bug Oncopeltus fasciatus. In both instances, strong expression is detected in the labial
appendage with moderate signal in the mid ventral region of this segment. There is
also additional protein and mRNA signal at the lateral edge between the maxillary and
labial appendages.
Abbreviations: Mx, maxillae; Lb, labium.
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Appendix 4
Appendix 4. Ultrabithorax (Ubx) transcript expression in Periplaneta americana
embryos. (A) At early stages of embryogenesis, Ubx is solely expressed in the
developing pleuropodia of the A1 segment. (A1) Close up of embryo shown in (A)
highlighting localized pleuropodia expression. (B) Mid staged embryo showing strong
signal throughout A1 and moderate signal in A2. In addition, there are two ring-like
bands of expression that occur on the T3 leg (arrowheads). (B1-B2) Close ups of
embryo shown in (B). Arrowheads in (B1-B2) point to the two ring-like bands of Ubx
expression in the hind leg. (C) Dorsal view of Ubx signal in a mid staged embryo.
Expression remains strongest in the A1 segment with weaker signal expanding into A2.
Abbreviations: T3, Third thoracic leg; A1, First abdominal segment; A2, Second
abdominal segment.
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Appendix 5
Appendix 5. abdominal-A (abd-A) transcript expression in Periplaneta americana
embryos. (A) At mid stages of development, the anterior border of abd-A is detected in
the posterior A1 segment and continues posterior to A9. (B-C) Close up of the embryo
shown in (A) with arrowheads clearly demarcating the anterior border of abd-A
expression in posterior A1 (arrowhead). Note that abd-A is ubiquitously expressed
throughout the mid ventral and the lateral lobe-like tissue in abdominal segments
posterior to A1. (D) Lateral view of abd-A transcript accumulation of a mid staged
embryo. The arrowhead points to expression in the proximal patch of cells at the base
of the pleuropodia.
Abbreviations: A1, First abdominal segment; A2, Second abdominal segment; A3,
Third abdominal segment; A9, Ninth abdominal segment; T3, Third thoracic leg.
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Appendix 6
Appendix 6. Engrailed (en) transcript expression in Periplaneta americana embryos.
(A) Early embryo showing en is expressed in the posterior region of all formed and
newly forming segments. (B) en continues to be localized in the posterior region of all
segments and their associated appendages at mid stages. (C) At later stages when the
formation of abdominal segments is complete, en signal begins to fade in the midventral region of each segment. (D) Lateral view of a similarly staged late embryo as in
(C). Note that the maxillary and labial stripes of en expression fuse into a single band
that ultimately circumvents the embryo (arrowhead). (D1) Close up of embryo shown in
(D). Arrowhead points to the combined stripes of maxillary and labial en expression.
Abbreviations: T1, First thoracic segment; A9, Ninth abdominal segment; A10, Tenth
abdominal segment; Mx, Maxillary; Lb, Labial.
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Appendix 7
Appendix 7. RNAi-nub adult phenotypes in Oncopeltus fasciatus. (A) Dorsal view of a
wild type adult. (A1) Lateral view of wild type adult shown in (A). Note that in both
panels (A-A1), the fore wings lie flat over the dorsal surface of the insect and completely
cover the underlying hind wings. (B) Dorsal view of a moderate RNAi-nub phenotype.
The fore wings are misshapen (details provided in Appendix 8) and improperly folded
exposing the hind wings. In addition, the margins and overall shape of the hind wings
are also morphologically altered as compared to wild type (details provided in Appendix
9). (B1) Lateral view of the moderate RNAi-nub milkweed bug shown in (B). The fore
wings do not lie flush across the dorsal surface of the insect as in wild type (A1) and
instead, demonstrate a wavy appearance. (C) Dorsal view of a strong RNAi-nub
phenotype. The most noticeable alteration in morphology is the elevation of the distal
tips of the hind wings. The fore wings of these individuals are also misshapen and
improperly folded similar to what is seen in moderate phenotypes (B-B1). (C1) Lateral
view of the strong RNAi-nub milkweed bug shown in (C), highlighting the elevated distal
tips of the hind wings.
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Appendix 8
Appendix 8. Effect of RNAi-nub on fore wing development in Oncopeltus fasciatus.
(A,B) Dissected wild type and RNAi-nub fore wing, respectively. (A1) Close up view of
the proximal portion of the wild type fore wing depicted in (A) showing an elongated, thin
structure called the clavus that bears a row of hairy bristles (black arrowhead). Overall,
the morphology is misshapen as compared to wild type (A). (B1) Close up view of the
RNAi-nub fore wing shown in (B). The clavus is considerably shorter and wider (black
arrowhead) compared to wild type. Note, however, that the bristle and pigmentation
patterns are unaffected. (A2) Close up view of the point of intersection between the
clavus and the corium (blue arrowhead) of the wild type fore wing. (B2) Close up view
of the clavas-corium boundary of the RNAi-nub fore wing. The blue arrowhead points to
a much more exaggerated invagination of wing tissue at this boundary as compared to
wild type (A2). (A3) Close up view of the costal margin of the wild type wing depicted in
(A). The green arrowhead points to the smooth margin that occurs at the intersction of
the orange and black pigmented regions of the wild type fore wing. (B3) Close up view
of the identical region of the costal margin of the RNAi-nub fore wing shown in (B)
illustrating the presence of an ectopic invagination at the point where the orange and
black pigmented regions of the fore wing juxapose (green arrowhead).
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Appendix 9
Appendix 9. Effect of RNAi-nub on hind wing development in Oncopeltus fasciatus.
(A) Dissected wild type hind wing. (B) Dissected RNAi-nub hind wing. Overall, RNAinub hind wings are misshapen largely due to jagged margins compared to wild type (A).
In addition, the proximal structure known as the vannus is reduced in RNAi-nub hind
wings (black arrowheads in A and B). (A1-B1) Close up of the proximal costal margin of
the wild type and RNAi-nub wings in (A) and (B), respectively. This region is shortened
in RNAi-nub hind wings (blue arrowheads in A1 and B1). (A2-B2) Close up of the distal
tip (apex) of the wild type and RNAi-nub hind wings in (A) and (B), respectively. Note
that the apex of the RNAi-nub hind wing is pointed while the apex of the wild type hind
wing is rounded (green arrowheads). (A3-B3) Close up of the posterior margin of the
wild type and RNAi-nub hind wings in (A) and (B), respectively. The posterior margin of
RNAi-nub hind wings is jagged compared to the smoothly rounded analogous structure
observed in wild type (orange arrowheads in A3-B3). (A4-B4) Close up of the two
prominent veins observed in the anal region of the wild type and RNAi-nub hind wings
depicted in (A) and (B), respectively. Note that the vein tissue in the RNAi-nub hind
wing appears to be necrotic (purple arrowheads in A4-B4).
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Appendix 10
Appendix 10. Schematic representation of the pTransg vector constructed by Dr. Bin
Chen and kindly provided by D. Antonia Monteiro (Yale University). The sequences at
the junction of the White intron 2 are shown with the arrows indicating the 5’ and 3’
splicing sites. The consensus sequences for 5’ and 3’ splicing are shown in parenthesis.
A detailed protocol of how to clone into the pTransg vector follows the schematic
diagram.
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The template sequences:

>Ubx-Bicyclus(207 bp)
AATCACACATTTTATCCCTGGATGGCCATTGCAGGAGCGAACGGCCTGAGAAGAC
GAGGGAGACAAACCTATACAAGATATCAAACGCTAGAGTTAGAGAAGGAATTCCAC
ACGAATCACTACCTCACGCGGAGGAGACGTATAGAAATGGCGCACGCGCTCTGTC
TCACGGAAAGACAAATCAAAATATGGTTCCAAAACCGCCGT
>gi|18535619:1-762 Junonia coenia Ultrabithorax (Ubx) mRNA, complete cds
ATGAACTCCTATTTCGAGCAGGGCGGTTTCTACGGGGCCCATGGCGTGCACCAGG
GCGGCGGTGGCGGCGATCAGTACCGCGGTTTTCCGCTGGGGTTGACGTATGCCC
AGCCTCACGCTTTGCACCAGCCGAGGCCTCAGGACTCTCCGTATGACGCATCAGT
GGCTGCGGCTTGTAAGCTTTACGCGGGAGAACAGCAGTATGCGAAGGCAGACTGT
TCCAAAGCGGGCGGTGAGCAACAGAACGGCTATGGGGGGAAGGAGGCATGGGGT
TCAGGGCTCGGGGCGCTGGTGAGGCCGGCGGCGTGCACGCCAGAGGCGCGGTA
CAGTGAGTCGTCGAGCCCAGGCCGAGCCCTGCCCTGGGGGAACCAGTGCGCGCT
ACCCGGAGCCGCGGCCTCGGCACAACCGGTCCAGCACCAGCCCACCAACCACAC
ATTCTATCCTTGGATGGCCATTGCAGGAGCGAATGGCTTGAGAAGACGAGGAAGA
CAGACCTACACTAGATATCAAACGCTAGAGTTAGAAAAAGAGTTCCACACGAATCA
CTACCTCACGCGGAGGAGACGCATCGAAATGGCCCATGCGCTCTGTCTCACGGAG
CGACAAATAAAAATTTGGTTCCAAAACCGAAGGATGAAATTAAAGAAAGAAATTCAA
GCGATAAAGGAATTAAACGAACAGGAGAAACAGGCGCAAGCGCAGAAGGCGGCG
GCGGCGGCGGCAGCGGCCGCGGCGGCCGCGCAGGGCCACCCCGAGCACTAA

The plasmid construction strategy:
Sharing primers:
Clone-FW: TACGAAAATCCGTTCGGAAA
Clone-RV: AACGGCATACTGCTCTCGTT
Specific primers:
Ubx-Bicyclus-RNAi-FW: GTCCATCTAGAAATCACACATTTTATCCCTG
Ubx-Bicyclus-RNAi-RV: AGGCCTCTAGAACGGCGGTTTTGGAACCATA
Ubx-Junonia-RNAi-FW: AGGCCTCTAGAATGAACTCCTATTTCGAGCA
Ubx-Junonia-RNAi-RV: GTCCATCTAGATTAGTGCTCGGGGTGGCCCT
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Enzymes used:
SpeI: A↓CTAGT
NheI: G↓CTAGC
XbaI: T↓CTAGA
Construction strategy:
1. I compared Ubx sequences from Bicyclus and Junonia, and found that they have
very high identity. Therefore, I would suggest to conduct both RNAi and Ectopic
research based on Junonia sequence. At the same time, conduct RNAi research
based on Bicyclus sequence as well.
2. Preparing the inserted fragments via PCR. For Bicyclus sequence, using primers
Ubx-Bicyclus-RNAi-FW and Ubx-Bicyclus-RNAi-RV. For Junonia sequence,
using primers Ubx-Junonia-RNAi-FW and Ubx-Junonia-RNAi-RV. After PCR, cut
with enzyme XbaI.
3. Cut my plasmid with enzyme NheI, and then treat it with Apex Heat-Labile
Alkaline Phosphatase (Cat no AP49010, Epicentre Biotechnologies).
4. Ligate Bicyclus and Junonia fragnments prepared in step 2 into the cut plasmid
prepared in step 3.
5. Using primers Clone-RV and Ubx-Bicyclus-RNAi-FW to pick up the positive
clones for Ubx-bicyclus-RNAi-RF. And then sequence it to confirm using primer
Clone-RV.
6. Using primers Clone-RV and Ubx-Junonia-RNAi-FW to pick up the positive
clones for Ubx-Junonia-RNAi-RF. And then sequence it to confirm using primer
Clone-RV.
7. Using primers Clone-RV and Ubx-Junonia-RNAi-RV to pick up the positive
clones for Ubx-Junonia-Ectopic-Site-1. And then sequence it to confirm using
primer Clone-RV. After the sequence conformation, the plasmid is ready for
microinjection.
8. Cut plasmids prepared from steps 5 and 6. And then treat them with Apex HeatLabile Alkaline Phosphatase
9. Ligate the Bicyclus and Junonia fragnments prepared in step 2 into the cut
plasmid prepared in step 8, respectively.
10. Using primers Clone-FW and Ubx-Bicyclus-RNAi-RV to pick up the positive
clones for Ubx-bicyclus-RNAi-RF. And then sequence it to confirm using primer
Clone-RV. After the sequence conformation, the plasmid is ready for
microinjection.
11. Using primers Clone-FW and Ubx-Junonia-RNAi-RV to pick up the positive
clones for Ubx-Junonia-RNAi-RF. And then sequence it to confirm using primer
Clone-RV. After the sequence conformation, the plasmid is ready for
microinjection.
12. If you have any qustion, please contact me at c_bin@hotmail.com.
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The sequences in final plasmid construction:
Green: the intron
Blue: Ubx sequences
Red: primer site
>Ubx-Bicyclus-RNAi-RF
GATCGAAAGGGTCTACGAAAATCCGTTCGGAAAAAATCAGAAAATCATCAAAGCC
GAATATAATTAAAATGTATTACTAGCTAAAGAAATCATCACTAATATAGAATGTAGAA
TGAACCCATGTATATTAGATACTAATTGTATCGTAAGACTTTCAAAAGTCTACAAGA
CATTAAATGACAAGTTGACTTTAAATTTCAAATAAATAATTTATTTTTTCTATAAGCAA
TAACATTTTTGCTAAATTAAGACTTGGTAATTAGGTAATACTATTGTTGTTCTATGGA
ATATTCGATCGAAACATTCTTATCAGTCTCAAAAACTTAAAACAAACTTATAATATAA
CCCATATGTTATAACCCATTGATGAACAAAAATTAGACTCTTTGGCCTTAGTCGACG
GATCCCCGACACCAGACCAACTGGTAATGGTAGCGACCGGCGCTCAGCTGGAATT
AGGCCTTCTAGAACTAGAGCGCTCCGGACTAGA
ACGGCGGTTTTGGAACCATATTTTGATTTGTCTTTCCGTGAGACAGAGCGCGTGC
GCCATTTCTATACGTCTCCTCCGCGTGAGGTAGTGATTCGTGTGGAATTCCTTCTC
TAACTCTAGCGTTTGATATCTTGTATAGGTTTGTCTCCCTCGTCTTCTCAGGCCGT
TCGCTCCTGCAATGGCCATCCAGGGATAAAATGTGTGATT
TCTAGTACCTGAGTTTCAAATTGGTAATTGGACCCTTTATTAAGATTTCACACAGA
TCAGCCGACTGCGAATAGAAACTCACCTGCTAGA
AATCACACATTTTATCCCTGGATGGCCATTGCAGGAGCGAACGGCCTGAGAAGA
CGAGGGAGACAAACCTATACAAGATATCAAACGCTAGAGTTAGAGAAGGAATTC
CACACGAATCACTACCTCACGCGGAGGAGACGTATAGAAATGGCGCACGCGCT
CTGTCTCACGGAAAGACAAATCAAAATATGGTTCCAAAACCGCCGT
TCTAGCTTAAGCGATCGCTTAATTAAGTTAACGAATTCCCAATTCCCTATTCAGAGT
TCTCTTCTTGTATTCAATAATTACTTCTTGGCAGATTTCAGTAGTTGCAGTTGATTTA
CTTGGTTGCTGGTTACTTTTAATTGATTCACTTTAACTTGCACTTTACTGCAGATTGT
TTAGCTTGTTCAGCTGCGCTTGTTTATTTGCTTAGCTTTCGCTTAGCGACGTGTTCA
CTTTGCTTGTTTGAATTGAATTGTCGCTCCGTAGACGAAGCGCCTCTATTTATACTC
CGGCGCTCTTTTCGCGAACATTCGAGGCGCGCTCTCTCGAACCAACGAGAGCAG
TATGCCGTTTACTGTGTGACA
Ubx-Bicyclus-RNAi-FW: GTCCATCTAGAAATCACACATTTTATCCCTG
Ubx-Bicyclus-RNAi-RV: AGGCCTCTAGAACGGCGGTTTTGGAACCATA
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>Ubx-Junonia-RNAi-RF
GATCGAAAGGGTCTACGAAAATCCGTTCGGAAAAAATCAGAAAATCATCAAAGCC
GAATATAATTAAAATGTATTACTAGCTAAAGAAATCATCACTAATATAGAATGTAGAA
TGAACCCATGTATATTAGATACTAATTGTATCGTAAGACTTTCAAAAGTCTACAAGA
CATTAAATGACAAGTTGACTTTAAATTTCAAATAAATAATTTATTTTTTCTATAAGCAA
TAACATTTTTGCTAAATTAAGACTTGGTAATTAGGTAATACTATTGTTGTTCTATGGA
ATATTCGATCGAAACATTCTTATCAGTCTCAAAAACTTAAAACAAACTTATAATATAA
CCCATATGTTATAACCCATTGATGAACAAAAATTAGACTCTTTGGCCTTAGTCGACG
GATCCCCGACACCAGACCAACTGGTAATGGTAGCGACCGGCGCTCAGCTGGAATT
AGGCCTTCTAGAACTAGAGCGCTCCGGACTAGA
TTAGTGCTCGGGGTGGCCCTGCGCGGCCGCCGCGGCCGCTGCCGCCGCCGCCG
CCGCCTTCTGCGCTTGCGCCTGTTTCTCCTGTTCGTTTAATTCCTTTATCGCTTGA
ATTTCTTTCTTTAATTTCATCCTTCGGTTTTGGAACCAAATTTTTATTTGTCGCTCC
GTGAGACAGAGCGCATGGGCCATTTCGATGCGTCTCCTCCGCGTGAGGTAGTGA
TTCGTGTGGAACTCTTTTTCTAACTCTAGCGTTTGATATCTAGTGTAGGTCTGTCTT
CCTCGTCTTCTCAAGCCATTCGCTCCTGCAATGGCCATCCAAGGATAGAATGTGT
GGTTGGTGGGCTGGTGCTGGACCGGTTGTGCCGAGGCCGCGGCTCCGGGTAGC
GCGCACTGGTTCCCCCAGGGCAGGGCTCGGCCTGGGCTCGACGACTCACTGTA
CCGCGCCTCTGGCGTGCACGCCGCCGGCCTCACCAGCGCCCCGAGCCCTGAAC
CCCATGCCTCCTTCCCCCCATAGCCGTTCTGTTGCTCACCGCCCGCTTTGGAACA
GTCTGCCTTCGCATACTGCTGTTCTCCCGCGTAAAGCTTACAAGCCGCAGCCACT
GATGCGTCATACGGAGAGTCCTGAGGCCTCGGCTGGTGCAAAGCGTGAGGCTG
GGCATACGTCAACCCCAGCGGAAAACCGCGGTACTGATCGCCGCCACCGCCGC
CCTGGTGCACGCCATGGGCCCCGTAGAAACCGCCCTGCTCGAAATAGGAGTTCA
T
TCTAGTACCTGAGTTTCAAATTGGTAATTGGACCCTTTATTAAGATTTCACACAGA
TCAGCCGACTGCGAATAGAAACTCACCTGCTAGA
ATGAACTCCTATTTCGAGCAGGGCGGTTTCTACGGGGCCCATGGCGTGCACCAG
GGCGGCGGTGGCGGCGATCAGTACCGCGGTTTTCCGCTGGGGTTGACGTATGCC
CAGCCTCACGCTTTGCACCAGCCGAGGCCTCAGGACTCTCCGTATGACGCATCA
GTGGCTGCGGCTTGTAAGCTTTACGCGGGAGAACAGCAGTATGCGAAGGCAGA
CTGTTCCAAAGCGGGCGGTGAGCAACAGAACGGCTATGGGGGGAAGGAGGCAT
GGGGTTCAGGGCTCGGGGCGCTGGTGAGGCCGGCGGCGTGCACGCCAGAGGC
GCGGTACAGTGAGTCGTCGAGCCCAGGCCGAGCCCTGCCCTGGGGGAACCAGT
GCGCGCTACCCGGAGCCGCGGCCTCGGCACAACCGGTCCAGCACCAGCCCACC
AACCACACATTCTATCCTTGGATGGCCATTGCAGGAGCGAATGGCTTGAGAAGA
CGAGGAAGACAGACCTACACTAGATATCAAACGCTAGAGTTAGAAAAAGAGTTC
CACACGAATCACTACCTCACGCGGAGGAGACGCATCGAAATGGCCCATGCGCTC
TGTCTCACGGAGCGACAAATAAAAATTTGGTTCCAAAACCGAAGGATGAAATTA
AAGAAAGAAATTCAAGCGATAAAGGAATTAAACGAACAGGAGAAACAGGCGCA
AGCGCAGAAGGCGGCGGCGGCGGCGGCAGCGGCCGCGGCGGCCGCGCAGGG
CCACCCCGAGCACTAA
TCTAGCTTAAGCGATCGCTTAATTAAGTTAACGAATTCCCAATTCCCTATTCAGAGT
TCTCTTCTTGTATTCAATAATTACTTCTTGGCAGATTTCAGTAGTTGCAGTTGATTTA
CTTGGTTGCTGGTTACTTTTAATTGATTCACTTTAACTTGCACTTTACTGCAGATTGT
TTAGCTTGTTCAGCTGCGCTTGTTTATTTGCTTAGCTTTCGCTTAGCGACGTGTTCA
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CTTTGCTTGTTTGAATTGAATTGTCGCTCCGTAGACGAAGCGCCTCTATTTATACTC
CGGCGCTCTTTTCGCGAACATTCGAGGCGCGCTCTCTCGAACCAACGAGAGCAG
TATGCCGTTTACTGTGTGACA
Ubx-Junonia-RNAi-FW: AGGCCTCTAGAATGAACTCCTATTTCGAGCA
Ubx-Junonia-RNAi-RV: GTCCATCTAGATTAGTGCTCGGGGTGGCCCT
>Ubx-Junonia-Ectopic-Site-1
GATCGAAAGGGTCTACGAAAATCCGTTCGGAAAAAATCAGAAAATCATCAAAGCC
GAATATAATTAAAATGTATTACTAGCTAAAGAAATCATCACTAATATAGAATGTAGAA
TGAACCCATGTATATTAGATACTAATTGTATCGTAAGACTTTCAAAAGTCTACAAGA
CATTAAATGACAAGTTGACTTTAAATTTCAAATAAATAATTTATTTTTTCTATAAGCAA
TAACATTTTTGCTAAATTAAGACTTGGTAATTAGGTAATACTATTGTTGTTCTATGGA
ATATTCGATCGAAACATTCTTATCAGTCTCAAAAACTTAAAACAAACTTATAATATAA
CCCATATGTTATAACCCATTGATGAACAAAAATTAGACTCTTTGGCCTTAGTCGACG
GATCCCCGACACCAGACCAACTGGTAATGGTAGCGACCGGCGCTCAGCTGGAATT
AGGCCTTCTAGAACTAGAGCGCTCCGGACTAGTACCTGAGTTTCAAATTGGTAAT
TGGACCCTTTATTAAGATTTCACACAGATCAGCCGACTGCGAATAGAAACTCACC
TGCTAGATTAGTGCTCGGGGTGGCCCTGCGCGGCCGCCGCGGCCGCTGCCGCC
GCCGCCGCCGCCTTCTGCGCTTGCGCCTGTTTCTCCTGTTCGTTTAATTCCTTTAT
CGCTTGAATTTCTTTCTTTAATTTCATCCTTCGGTTTTGGAACCAAATTTTTATTTGT
CGCTCCGTGAGACAGAGCGCATGGGCCATTTCGATGCGTCTCCTCCGCGTGAGG
TAGTGATTCGTGTGGAACTCTTTTTCTAACTCTAGCGTTTGATATCTAGTGTAGGT
CTGTCTTCCTCGTCTTCTCAAGCCATTCGCTCCTGCAATGGCCATCCAAGGATAG
AATGTGTGGTTGGTGGGCTGGTGCTGGACCGGTTGTGCCGAGGCCGCGGCTCCG
GGTAGCGCGCACTGGTTCCCCCAGGGCAGGGCTCGGCCTGGGCTCGACGACTC
ACTGTACCGCGCCTCTGGCGTGCACGCCGCCGGCCTCACCAGCGCCCCGAGCC
CTGAACCCCATGCCTCCTTCCCCCCATAGCCGTTCTGTTGCTCACCGCCCGCTTT
GGAACAGTCTGCCTTCGCATACTGCTGTTCTCCCGCGTAAAGCTTACAAGCCGCA
GCCACTGATGCGTCATACGGAGAGTCCTGAGGCCTCGGCTGGTGCAAAGCGTGA
GGCTGGGCATACGTCAACCCCAGCGGAAAACCGCGGTACTGATCGCCGCCACC
GCCGCCCTGGTGCACGCCATGGGCCCCGTAGAAACCGCCCTGCTCGAAATAGG
AGTTCATTCTAGCTTAAGCGATCGCTTAATTAAGTTAACGAATTCCCAATTCCCTAT
TCAGAGTTCTCTTCTTGTATTCAATAATTACTTCTTGGCAGATTTCAGTAGTTGCAGT
TGATTTACTTGGTTGCTGGTTACTTTTAATTGATTCACTTTAACTTGCACTTTACTGC
AGATTGTTTAGCTTGTTCAGCTGCGCTTGTTTATTTGCTTAGCTTTCGCTTAGCGAC
GTGTTCACTTTGCTTGTTTGAATTGAATTGTCGCTCCGTAGACGAAGCGCCTCTATT
TATACTCCGGCGCTCTTTTCGCGAACATTCGAGGCGCGCTCTCTCGAACCAACGA
GAGCAGTATGCCGTTTACTGTGTGACA
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Appendix 11
Appendix 11. PCR amplification and cloning of nubbin (nub) in Acheta domesticus.
The obtained fragment is 387bp long and contains the 5’ POU domain, the variable
linker region, and the 3’ homeodomain .
Degenerate primers used:
Forward primer: GGA ATT CGA RCA RTT YGC IAA RAC (targeted to EQFAKT)
Reverse primer: GCT CTA GAG GRT TIA TIC KYT TYT CYT T (targeted to KEKRINP)
PCR conditions:
1. 95°C 1 min
2. 94°C 30 sec
3. 50°C 30 sec
4. 72°C 1 min
*Repeat steps (2-4) four additional times
5. 94°C 30 sec
6. 48°C 30 sec
7. 72°C 1 min
*Repeat steps (5-7) thirty five additional times
8. 72°C 10 min
9. 4°C hold
Primer combinations/PCR design:
Primary PCR reactions were conducted with degenerate primers targeted to the amino
acid motifs EQFAKT (5’ end) and KEKRINP (3’ end). 1uL of primary PCR reactions that
yielded bands of the anticipated size (≈400-500bp) were then used as a template for
secondary PCR analyses utilizing the same primers and PCR conditions. Secondary
PCR’s that yielded bands of the estimated size were subsequently cloned and
analyzed.
Acheta nub DNA sequence (387 bp):
AAGACATTCAAGCAACGCCGAATAAAGCTTGGATTCACTCAAGGTGATGTGGGCTT
GGCAATGGGCAAACTATATGGTAATGACTTCTCACAGACAACCATATCACGATTTG
AGGCCCTGAATTTATCATTCAAAAATATGTGCAAACTGAAGCCATTGCTTCAAAAGT
GGCTAGAGGATGCAGACAGTGCTCTTGCCAATCCTGGAGCACTAACTAACCCACT
GACAACACCTGAAGCCATTGGACGTCGTCGCAAGAAGCGAACTTCTATTGAAACAA
GTGTACGAGTTGCCTTGGAGAAAGCATTTGTCCACTACCCAAAGCCCACCTCTGAA
GAGATTGCTCTTCTAGCTGAAAGTCTCTCTATGGAAAAAGAAGTGGTTCGA
Acheta NUB protein sequence (129 aa):
KTFKQRRIKLGFTQGDVGLAMGKLYGNDFSQTTISRFEALNLSFKNMCKLKPLLQKWL
EDADSALANPGALTNPLTTPEAIGRRRKKRTSIETSVRVALEKAFVHYPKPTSEEIALLA
ESLSMEKEVVR
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NUB protein sequence alignment:
ClustalW

Formatted

Alignments

Ad nub
Pa nub
Of nub

1
1
1

K T F K Q R R I K L G F T Q G D V G L A M G K L Y G
E Q F A K T F K Q R R I K L G F T Q G D V G L A M G K L Y G
E Q F A K T F K Q R R I K L G F T Q G D V G L A M G K L Y G

26
30
30

Ad nub
Pa nub
Of nub

27
31
31

N D F S Q T T I S R F E A L N L S F K N M C K L K P L L Q K
N D F S Q T T I S R F E A L N L S F K N M C K L K P L L Q K
N D F S Q T T I S R F E A L N L S F K N M C K L K P L L Q K

56
60
60

Ad nub
Pa nub
Of nub

57
61
61

W L E D A D S A L A N P G A L T N P L T T P E A I G R R R K
W L E D A D N S L N N P N S L T N P M T T P E A I G R R R K
W L L D A D N S L N N P S S L S N P M T T P E A I G R R R K

86
90
90

Ad nub
Pa nub
Of nub

87
91
91

K R T S I E T S V R V A L E K A F V H Y P K P T S E E I A L
K R T S I E T S V R V A L E K A F L Q N P K P T S E E I A L
K R T S I E T S V R V A L E K A F L Q N P K P T S E E I S I

116
120
120

Ad nub 117
Pa nub 121
Of nub 121

129
L A E S L S M E K E V V R
L A E S L T M E K E V V R V W F C N R R Q K E K R I N P 148
147
L A D S L G M E K E V V R V W F C N R R Q K E K R I N

Abbreviations: Ad, Acheta domesticus (house cricket); Pa, Periplaneta americana
(American cockroach); Of, Oncopeltus fasciatus (milkweed bug).
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Appendix 12
Appendix 12. PCR amplification and cloning of nubbin (nub) in Nezara viridula
(southern green stinkbug). The obtained fragment is 444bp long and contains the 5’
POU domain, the variable linker region, and the 3’ homeodomain .
Degenerate primers used:
Forward primer: GGA ATT CGA RCA RTT YGC IAA RAC (targeted to EQFAKT)
Reverse primer: GCT CTA GAG GRT TIA TIC KYT TYT CYT T (targeted to KEKRINP)
PCR conditions:
1. 95°C 1 min
2. 94°C 30 sec
3. 50°C 30 sec
4. 72°C 1 min
*Repeat steps (2-4) four additional times
5. 94°C 30 sec
6. 48°C 30 sec
7. 72°C 1 min
*Repeat steps (5-7) thirty five additional times
8. 72°C 10 min
9. 4°C hold
Primer combinations/PCR design:
Primary PCR reactions were conducted with degenerate primers targeted to the amino
acid motifs EQFAKT (5’ end) and KEKRINP (3’ end). 1uL of primary PCR reactions that
yielded bands of the anticipated size (≈400-500bp) were then used as a template for
secondary PCR analyses utilizing the same primers and PCR conditions. Secondary
PCR’s that yielded bands of the estimated size were subsequently cloned and
analyzed.
Nezara nub DNA sequence (444 bp):
GAGCAATTCGCGAAGACATTTAAACAAAGAAGAATAAAGCTCGGTTTCACTCAGGG
AGATGTTGGTCTCGCAATGGGAAAATTATATGGAAACGATTTTTCCCAAACAACGAT
CTCAAGGTTCGAAGCTTTAAATCTGTCTTTCAAAAACATGTGTAAACTGAAACCTCT
TCTCCAGAAATGGCTTCTCGATGCTGATAATTCTTTGAATAATCCCAACTCCCTTAG
CAACCCGATGACGACGCCAGAAGCCATAGGGAGGCGGAGAAAAAAGAGAACTTC
GATTGAAACTTCAGTACGAGTTGCTCTTGAAAAAGCATTCCTCCAGAATCCAAAAC
CAACATCAGAAGAAATTTCCTTATTAGCAGACAGCCTCACTATGGAAAAAGAGGTC
GTCCGCGTTTGGTTTTGCAATAGGAGACAGAAAGAAAAGCGCATCAACCCT
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Nezara NUB protein sequence (148 aa):
EQFAKTFKQRRIKLGFTQGDVGLAMGKLYGNDFSQTTISRFEALNLSFKNMCKLKPLL
QKWLLDADNSLNNPNSLSNPMTTPEAIGRRRKKRTSIETSVRVALEKAFLQNPKPTSE
EISLLADSLTMEKEVVRVWFCNRRQKEKRINP
NUB protein sequence alignment:

ClustalW

Formatted

Alignments

Nv nub
Pa nub
Of nub

1
1
1

E Q F A K T F K Q R R I K L G F T Q G D V G L A M G K L Y G
E Q F A K T F K Q R R I K L G F T Q G D V G L A M G K L Y G
E Q F A K T F K Q R R I K L G F T Q G D V G L A M G K L Y G

30
30
30

Nv nub
Pa nub
Of nub

31
31
31

N D F S Q T T I S R F E A L N L S F K N M C K L K P L L Q K
N D F S Q T T I S R F E A L N L S F K N M C K L K P L L Q K
N D F S Q T T I S R F E A L N L S F K N M C K L K P L L Q K

60
60
60

Nv nub
Pa nub
Of nub

61
61
61

W L L D A D N S L N N P N S L S N P M T T P E A I G R R R K
W L E D A D N S L N N P N S L T N P M T T P E A I G R R R K
W L L D A D N S L N N P S S L S N P M T T P E A I G R R R K

90
90
90

Nv nub
Pa nub
Of nub

91
91
91

K R T S I E T S V R V A L E K A F L Q N P K P T S E E I S L
K R T S I E T S V R V A L E K A F L Q N P K P T S E E I A L
K R T S I E T S V R V A L E K A F L Q N P K P T S E E I S I

120
120
120

Nv nub 121
Pa nub 121
Of nub 121

L A D S L T M E K E V V R V W F C N R R Q K E K R I N P 148
L A E S L T M E K E V V R V W F C N R R Q K E K R I N P 148
147
L A D S L G M E K E V V R V W F C N R R Q K E K R I N

Abbreviations: Nv, Nezara viridula (southern green stinkbug); Pa, Periplaneta
americana (American cockroach); Of, Oncopeltus fasciatus (milkweed bug).
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Appendix 13
Appendix 13. PCR amplification and cloning of Deformed (Dfd) in Periplaneta
americana. The obtained fragment is 242bp long and contains the highly conserved
homeodomain.
Degenerate primers used:
Forward primer 1: CCR CAR ATH TAY CCR TGG ATG (targeted to PQIYPWM)
Forward primer 2: GGA ATT CGA RCT IGA RAA RGA RTT (targeted to ELEKEF)
Reverse primer: GCT CTA GAC GIC GRT TTT GRA ACC A (targeted to WFQNRR)
PCR conditions:
1. 95°C 1 min
2. 94°C 30 sec
3. 50°C 30 sec
4. 72°C 1 min
*Repeat steps (2-4) four additional times
5. 94°C 30 sec
6. 48°C 30 sec
7. 72°C 1 min
*Repeat steps (5-7) thirty five additional times
8. 72°C 10 min
9. 4°C hold
Primer combinations/PCR design:
Primary PCR reactions were conducted with degenerate primers targeted to the amino
acid motifs PQIYPWM (5’ end) and WFQNRR (3’ end). Resulting bands of the
anticipated size (≈200-300bp) were subsequently screened with the homeobox control
degenerate primers targeted to the amino acid motifs ELEKEF and WFQNRR (same
PCR settings as primary PCR). Only positive screens were subsequently cloned and
analyzed.
*IMPORTANT NOTE: The original PCR was designed to target Periplaneta Sex combs
reduced (Scr). However, due to the degenerate nature of the primers used and the high
conservation of sequence identity within the homeodomain of all hox genes, Periplaneta
Dfd was “accidently” amplified instead.
Periplaneta Dfd DNA sequence (242 bp):
CCGCAAATTTACCCATGGATGAAGAAGATCCATGTCGCAGGAGTAGCGAATGGGT
CCTTCCAACCGGGTATGGAACCCAAGCGCCAGAGAACGGCATACACGAGGCACC
AAATACTCGAGCTAGAGAAGGAGTTCCACTATAACCGCTACCTGACCAGAAGGCG
GAGGATCGAGATCGCCCACGCTCTGTGTCTAACAGAGAGACAGATCAAGATCTGG
TTCCAAAACCGCCGTCTAGAGCA
Periplaneta DFD protein sequence (80 aa):
PQIYPWMKKIHVAGVANGSFQPGMEPKRQRTAYTRHQILELEKEFHYNRYLTRRRRIEI
AHALCLTERQIKIWFQNRRLE
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Appendix 14
Appendix 14. PCR amplification and cloning of Proboscipedia (pb) in Periplaneta
americana. The obtained fragment is 213bp long and contains the highly conserved
homeodomain.
Degenerate primers used:
Forward primer 1: TGG ATG AAR GAR AAR AAR AC (targeted to WMKEKKT)
Forward primer 2: GGA ATT CGA RCT IGA RAA RGA RTT (targeted to ELEKEF)
Reverse primer 1: YTG NCK CTT RTG CTT CAT (targeted to MKHKRQ)
Reverse primer 2: GCT CTA GAC GIC GRT TTT GRA ACC A (targeted to WFQNRR)
PCR conditions:
1. 95°C 1 min
2. 94°C 30 sec
3. 50°C 30 sec
4. 72°C 1 min
*Repeat steps (2-4) four additional times
5. 94°C 30 sec
6. 48°C 30 sec
7. 72°C 1 min
*Repeat steps (5-7) thirty five additional times
8. 72°C 10 min
9. 4°C hold
Primer combinations/PCR design:
The primary PCR reaction used degenerate primers targeted to the amino acid motifs
WMKEKKT (5’ end) and MKHKRQ (3’ end). 1uL of the primary PCR reaction was then
used as a template in a secondary PCR reaction using degenerate primers targeted to
the amino acid motifs WMKEKKT (5’ end) and WFQNRR (3’ end) using identical PCR
conditions. Resulting bands of the anticipated size (≈200-300bp) were subsequently
screened with the homeobox control degenerate primers targeted to the amino acid
motifs ELEKEF and WFQNRR. Only positive screens were subsequently cloned and
analyzed.
Periplaneta pb DNA sequence (213 bp):
TGGATGAAGGAAAAGAAGACTACACGGAAAAGCAATCAGCAAGAGAATGGGTTGC
CTCGGAGACTCCGGACAGCATACACCAATACGCAACTCCTAGAACTGGAGAAGGA
ATTCCACTTCAACAAGTACCTCTGCAGGCCACGTCGAATCGAAATCGCAGCGTCG
CTAGATCTCACCGAGCGCCAGGTAAAAGTCTGGTTTCAAAATCGCCGT
Periplaneta PB protein sequence (71 aa):
WMKEKKTTRKSNQQENGLPRRLRTAYTNTQLLELEKEFHFNKYLCRPRRIEIAASLDLT
ERQVKVWFQNRR
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Appendix 15
Appendix 15. PCR amplification and cloning of Sex combs reduced (Scr) in
Periplaneta americana. The obtained fragment is 225bp long and contains the highly
conserved homeodomain.
Degenerate primers used:
Forward primer 1: CCR CAR ATH TAY CCR TGG ATG (targeted to PQIYPWM)
Forward primer 2: GGA ATT CGA RCT IGA RAA RGA RTT (targeted to ELEKEF)
Reverse primer: GCT CTA GAC GIC GRT TTT GRA ACC A (targeted to WFQNRR)
PCR conditions:
1. 95°C 1 min
2. 94°C 30 sec
3. 50°C 30 sec
4. 72°C 1 min
*Repeat steps (2-4) four additional times
5. 94°C 30 sec
6. 48°C 30 sec
7. 72°C 1 min
*Repeat steps (5-7) thirty five additional times
8. 72°C 10 min
9. 4°C hold
Primer combinations/PCR design:
Primary PCR reactions were conducted with degenerate primers targeted to the amino
acid motifs PQIYPWM (5’ end) and WFQNRR (3’ end). Resulting bands of the
anticipated size (≈200-300bp) were subsequently screened with the homeobox control
degenerate primers targeted to the amino acid motifs ELEKEF and WFQNRR (same
PCR settings as primary PCR). Only positive screens were subsequently cloned and
analyzed.
Periplaneta Scr DNA sequence (225 bp):
CCGCAAATTTATCCGTGGATGAAGAGGGTACATCTCGGCCGGAGTACGGTGAACG
CAAATGGAGAAACCAAACGTCAGAGAACATCATACACGAGGTACCAGACACTGGA
GTTGGAGAAGGAATTCCACTTCAACCGCTACCTGACCAGAAGGCGGAGGATCGAG
ATCGCCCACGCTCTGTGTCTAACAGAGAGACAGATCAAGATCTGGTTTCAAAACCG
CCGT
Periplaneta SCR protein sequence (75 aa):
PQIYPWMKRVHLGRSTVNANGETKRQRTSYTRYQTLELEKEFHFNRYLTRRRRIEIAH
ALCLTERQIKIWFQNRR
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Appendix 16
Appendix 16. PCR amplification and cloning of Ultrabithorax (Ubx) in Periplaneta
americana. The obtained fragment is 255bp long and contains the highly conserved
homeodomain.
Degenerate primers used:
Forward primer 1: AAY CAC ACD TTY TAY CCC TGG ATG GCY (targeted to
NHTFYPWMAIA)
Forward primer 2: GGA ATT CGA RCT IGA RAA RGA RTT (targeted to ELEKEF)
Reverse primer: GCT CTA GAC GIC GRT TTT GRA ACC A (targeted to WFQNRR)
PCR conditions:
1. 95°C 1 min
2. 94°C 30 sec
3. 50°C 30 sec
4. 72°C 1 min
*Repeat steps (2-4) four additional times
5. 94°C 30 sec
6. 48°C 30 sec
7. 72°C 1 min
*Repeat steps (5-7) thirty five additional times
8. 72°C 10 min
9. 4°C hold
Primer combinations/PCR design:
Primary PCR reactions were conducted with degenerate primers targeted to the amino
acid motifs NHTFYPWMAIA (5’ end) and WFQNRR (3’ end). Resulting bands of the
anticipated size (≈200-300bp) were subsequently screened with the homeobox control
degenerate primers targeted to the amino acid motifs ELEKEF and WFQNRR (same
PCR settings as primary PCR). Only positive screens were subsequently cloned and
analyzed.
Periplaneta Ubx DNA sequence (255 bp):
AATCACACGTTTTATCCCTGGATGGCCATAGCAGATTCGGAATACGGCATGAAAAT
GAGATATAGTCACCTTTTATCTGCAGGAGCCAACGGTCTGCGCCGGAGAGGTCGT
CAGACATACACTCGGTACCAGACGCTGGAACTGGAGAAGGAATTCCATACAAATCA
CTACCTCACGCGACGACGACGTATCGAGATGGCGCATGCGTTATGTCTCACAGAG
CGACAGATCAAAATTTGGTTTCAAAACCGCCGT
Periplaneta UBX protein sequence (85 aa):
NHTFYPWMAIADSEYGMKMRYSHLLSAGANGLRRRGRQTYTRYQTLELEKEFHTNHY
LTRRRRIEMAHALCLTERQIKIWFQNRR
*Yellow region denotes an amino acid insertion specific to Periplaneta americana.
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Appendix 17
Appendix 17. PCR amplification and cloning of abdominal-A (abd-A) in Periplaneta
americana. The obtained fragment is 348bp long and contains the highly conserved
homeodomain.
Degenerate primers used:
Forward primer 1: CCR CAR ATH TAY CCR TGG ATG (targeted to PQIYPWM)
Forward primer 2: GGA ATT CGA RCT IGA RAA RGA RTT (targeted to ELEKEF)
Reverse primer: GCT CTA GAC GIC GRT TTT GRA ACC A (targeted to WFQNRR)
PCR conditions:
1. 95°C 1 min
2. 94°C 30 sec
3. 50°C 30 sec
4. 72°C 1 min
*Repeat steps (2-4) four additional times
5. 94°C 30 sec
6. 48°C 30 sec
7. 72°C 1 min
*Repeat steps (5-7) thirty five additional times
8. 72°C 10 min
9. 4°C hold
Primer combinations/PCR design:
Primary PCR reactions were conducted with degenerate primers targeted to the amino
acid motifs PQIYPWM (5’ end) and WFQNRR (3’ end). Resulting bands of the
anticipated size (≈200-300bp) were subsequently screened with the homeobox control
degenerate primers targeted to the amino acid motifs ELEKEF and WFQNRR (same
PCR settings as primary PCR). Only positive screens were subsequently cloned and
analyzed.
*IMPORTANT NOTE: The original PCR was designed to target Periplaneta Sex combs
reduced (Scr). However, due to the degenerate nature of the primers used and the high
conservation of sequence identity within the homeodomain of all hox genes, Periplaneta
abd-A was “accidently” amplified instead.
Periplaneta abd-A DNA sequence (348 bp):
CCGCAGATTTACCCATGGATGTCAATTACTGATTGGATGAGCCCCTTTGACAGAGT
CGTTTGTGATCGTTGGAATTATGCAGAAGAAGCATTTCGCTCCTTGGAACGTACAG
AAAAAGAAATGGAATTAGTCATTAACCAAAACAGGACTACATATATGGTCGCTGCC
AATGGTCCCAACGGATGTCCGAGACGCAGAGGTCGCCAGACTTACACGCGTTTCC
AAACGTTAGAACTGGAGAAGGAGTTTCATTTTAATCATTATTTGACCAGAAGGCGAA
GAATTGAAATCGCCCACGCTCTCTGTCTGACAGAAAGGCAGATTAAAATCTGGTTC
CAAAACCGCCGT
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Periplaneta ABD-A protein sequence (116 aa):
PQIYPWMSITDWMSPFDRVVCDRWNYAEEAFRSLERTEKEMELVINQNRTTYMVAAN
GPNGCPRRRGRQTYTRFQTLELEKEFHFNHYLTRRRRIEIAHALCLTERQIKIWFQNRR
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Appendix 18
Appendix 18. 3’ RACE PCR amplification and cloning of Deformed (Dfd) in Periplaneta
americana. The obtained fragment is 867bp long. The 242bp fragment of Dfd
described in Appendix 13 was used as a template to design unique primers for 3’ RACE
amplification using the FirstChoice RLM-RACE Kit (Ambion). By using this approach
we were able to obtain an additional 671bp of sequence including the 3’ end of the
homeodomain, the stop codon and the 3’ untranslated region.
Primer used for cDNA synthesis:
AMBION 3’ RACE adapter: GCG AGC ACA GAA TTA ATA CGA CTC ACT ATA GGT
12VN
*This primer is supplied with the Ambion kit.
Specific primers used for PCR:
Forward primers:
Roach Dfd 5’ sp-1: AAG ATC CAT GTC GCA GGA GT
Roach Dfd 5’ sp-2: AGG AGT AGC GAA TGG GTC CT
Roach Dfd 5’ sp-3: CAG AGA ACG GCA TAC ACG AG
Roach Dfd 5’ sp-4: GCC CAC GCT CTG TGT CTA A
Reverse primers:
3’ RACE outer: GCG AGC ACA GAA TTA ATA CGA CT
3’ RACE inner: CGC GGA TCC GAA TTA ATA CGA CTC ACT ATA GG
cDNA synthesis protocol:
In my own personal experience, I have found that the cDNA protocol suggested by the
manufacture does not generate good quality cDNA for subsequent 3’ RACE
experiments. Instead, I used the following protocol that reliably yields high quality cDNA
that can be used for several 3’ RACE experiments:
Reverse transcription reaction:
1.0ug Total RNA
4.0uL dNTPs (2.5mM each dNTP)
2.0uL AMBION 3’ RACE adapter primer
2.0 10X AMBION RT reaction buffer
1.0 RNase inhibitor
1.0 M-MLV reverse transcriptase
X Water (bring total volume up to 20uL)
Protocol for reverse transcription reaction:
1. Add total RNA, AMBION 3’ RACE adapter and water. Incubate at 70°C for 5
minutes.
2. Remove tube from heat block and place on ice for 5 minutes.
3. Add the rest of the reagents (except for M-MLY reverse transcriptase enzyme)
and incubate at 42°C for 10 minutes.
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4. Add M-MLY reverse transcriptase enzyme, mix well and incubate at 42°C for 1
hour.
5. Heat inactivate enzyme at 70°C for 10 minutes.
PCR reaction:
1.0uL cDNA (from the above reverse transcription reaction)
6.0uL 5X PCR reaction buffer
3.0uL dNTPs (2.5mM each dNTP)
2.4uL MgCl2 (25mM)
1.6uL 5’ specific primer (from 10pmol/uL dilution)
1.6uL 3’ specific primer (supplied in AMBION kit)
0.5uL Taq polymerase (5u/uL)
X Water (bring total volume up to 30uL)
PCR conditions:
1. 94°C 3 min
2. 94°C 30 sec
3. 60°C 30 sec
4. 72°C 30 sec
*Repeat steps (2-4) thirty four additional times
5. 72°C 7 min
6. 4°C hold
Primer combinations/PCR design:
The primary PCR reactions used the following combinations of primers:
1. Roach Dfd 5’ sp-1 and 3’ RACE outer
2. Roach Dfd 5’ sp-2 and 3’ RACE outer
3. Roach Dfd 5’ sp-3 and 3’ RACE outer
4. Roach Dfd 5’ sp-4 and 3’ RACE outer
Following primary PCR reactions, 1.0uL of the reaction was used as a template for a
secondary PCR reaction with the following primer combinations:
Roach Dfd 5’ sp-1 and 3’ RACE outer as template:
1. Roach Dfd 5’ sp-1 and 3’ RACE inner
2. Roach Dfd 5’ sp-2 and 3’ RACE inner
3. Roach Dfd 5’ sp-3 and 3’ RACE inner
4. Roach Dfd 5’ sp-4 and 3’ RACE inner
Roach Dfd 5’ sp-2 and 3’ RACE outer as template:
5. Roach Dfd 5’ sp-2 and 3’ RACE inner
6. Roach Dfd 5’ sp-3 and 3’ RACE inner
7. Roach Dfd 5’ sp-4 and 3’ RACE inner
Roach Dfd 5’ sp-3 and 3’ RACE outer as template:
8. Roach Dfd 5’ sp-3 and 3’ RACE inner
9. Roach Dfd 5’ sp-4 and 3’ RACE inner
Roach Dfd 5’ sp-4 and 3’ RACE outer as template:
10. Roach Dfd 5’ sp-4 and 3’ RACE inner
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The secondary PCR reactions yielded bands in a step-wise fashion approximately
700-800bp long. The largest bands were subsequently screened with the homeobox
control degenerate primers targeted to the amino acid motifs ELEKEF and WFQNRR
using the PCR conditions described in Appendix 11. Only positive screens were
subsequently cloned and determined to be the 3’ end of Periplaneta Dfd that includes
the 3’ end of the homeodomain, the stop codon and the 3’ untranslated region.
Periplaneta 3’ Dfd DNA sequence (867 bp):
GGAGTAGCGAATGGGTCCTTCCAACCGGGTATGGAACCCAAGCGCCAGAGAACG
GCATATACGAGGCACCAAATACTCGAGCTAGAGAAGGAGTTCCACTATAACCGCTA
CCTGACCAGAAGGCGGAGGATCGAGATCGCCCACACCCTCGTGCTGTCGGAGAG
ACAGATCAAGATCTGGTTCCAGAACAGACGGATGAAGTGGAAGAAAGACAACAAG
CTCCCCAACACTAAGAACGTCCGTAGGAAGACAAACCCAGCTGGAGTAACAACCA
CTAATACTACCGCGTCAAAAAACAGCTCCGGCAAGAACACAACTACAAGGTCGAAA
AACAATGGAGACAATAGAAGGCGTGCGAATAGTAACAATACAAATAATCCGAATCC
TATTGTTGTAACGAACACTGTAGCTACCGACACCACCAACCATCAGCAGCATCACC
AGCCCCACCATCACCATCACTTAGCTACTCCATCGAGCAATAGTGTTTCAGATCCC
CAGCATCCTCACGGTATAGTTACCACTATGCAGTCAACAATGCATCTTAGTTCTCC
GAGTTTGGTTTTAAGTCAGTTGACTCCTCTCACACCGGCTCAAACTTGTGGCCCCA
CGCTTCCACCAACTACAATTAAATCTGATTATGGTTTAACGGCGTTATAAAATGTTG
TACTCTATCCGTTTATTTACGTTTTTAATTCAGTCATTCTGAGCATACAATTAGAAAT
GCAAACTATGCTTTTTCGGTATGTCCGTATTAAGAAATTGTAGCAGTGGAAATAGGA
ACACAGTGAAGTGCTAGTACATCATAAGATAGAGGGAAAAAAAAAAAAAAAACTATA
GTGAGTCGTATTAATTCGGATCCGCGAA
Periplaneta 3’ DFD protein sequence (289 aa):
GVANGSFQPGMEPKRQRTAYTRHQILELEKEFHYNRYLTRRRRIEIAHTLVLSERQIKI
WFQNRRMKWKKDNKLPNTKNVRRKTNPAGVTTTNTTASKNSSGKNTTTRSKNNGDN
RRRANSNNTNNPNPIVVTNTVATDTTNHQQHHQPHHHHHLATPSSNSVSDPQHPHGI
VTTMQSTMHLSSPSLVLSQLTPLTPAQTCGPTLPPTTIKSDYGLTAL*NVVLYPFIYVFN
SVILSIQLEMQTMLFRYVRIKKL*QWK*EHSEVLVHHKIEGKKKKXL**VVLIRIRE
* Yellow highlighted asterisk indicates the stop codon.
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Appendix 19
Appendix 19. 3’ RACE PCR amplification and cloning of Proboscipedia (pb) in
Periplaneta americana. The obtained fragment is 663bp long. The 213 bp fragment of
Pb described in Appendix 14 was used as a template to design unique primers for 3’
RACE amplification using the FirstChoice RLM-RACE Kit (Ambion). By using this
approach we were able to obtain an additional 630bp of sequence including the 3’ end
of the homeodomain, the stop codon and the 3’ untranslated region.
Primer used for cDNA synthesis:
AMBION 3’ RACE adapter: GCG AGC ACA GAA TTA ATA CGA CTC ACT ATA GGT
12VN
*This primer is supplied with the Ambion kit.
Specific primers used for PCR:
Forward primers:
RoachPb5’#1: AGA ATG GGT TGC CTC GGA GA
RoachPb5’#2: GGC CAC GTC GAA TCG AAA TC
RoachPb5’#3: CCG AGC GCC AGG TAA AAG TC
Reverse primers:
3’ RACE outer: GCG AGC ACA GAA TTA ATA CGA CT
3’ RACE inner: CGC GGA TCC GAA TTA ATA CGA CTC ACT ATA GG
cDNA synthesis protocol:
In my own personal experience, I have found that the cDNA protocol suggested by the
manufacture does not generate good quality cDNA for subsequent 3’ RACE
experiments. Instead, I used the following protocol that reliably yields high quality cDNA
that can be used for several 3’ RACE experiments:
Reverse transcription reaction:
1.0ug Total RNA
4.0uL dNTPs (2.5mM each dNTP)
2.0uL AMBION 3’ RACE adapter primer
2.0 10X AMBION RT reaction buffer
1.0 RNase inhibitor
1.0 M-MLV reverse transcriptase
X Water (bring total volume up to 20uL)
Protocol for reverse transcription reaction:
1. Add total RNA, AMBION 3’ RACE adapter and water. Incubate at 70°C for 5
minutes.
2. Remove tube from heat block and place on ice for 5 minutes.
3. Add the rest of the reagents (except for M-MLY reverse transcriptase enzyme)
and incubate at 42°C for 10 minutes.
4. Add M-MLY reverse transcriptase enzyme, mix well and incubate at 42°C for 1
hour.
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5. Heat inactivate enzyme at 70°C for 10 minutes.
PCR reaction:
1.0uL cDNA (from the above reverse transcription reaction)
6.0uL 5X PCR reaction buffer
3.0uL dNTPs (2.5mM each dNTP)
2.4uL MgCl2 (25mM)
1.6uL 5’ specific primer (from 10pmol/uL dilution)
1.6uL 3’ specific primer (supplied in AMBION kit)
0.5uL Taq polymerase (5u/uL)
X Water (bring total volume up to 30uL)
PCR conditions:
1. 94°C 3 min
2. 94°C 30 sec
3. 60°C 30 sec
4. 72°C 2 min 30 sec
*Repeat steps (2-4) thirty four additional times
5. 72°C 7 min
6. 4°C hold
Primer combinations/PCR design:
The primary PCR reactions used the following combinations of primers:
1. RoachPb5’#1 and 3’ RACE outer
2. RoachPb5’#2 and 3’ RACE outer
3. RoachPb5’#3 and 3’ RACE outer
Following primary PCR reactions, 1.0uL of the reaction was used as a template for a
secondary PCR reaction with the following primer combinations:
RoachPb5’#1 and 3’ RACE outer as template:
1. RoachPb5’#1 and 3’ RACE inner
2. RoachPb5’#2 and 3’ RACE inner
3. RoachPb5’#3 and 3’ RACE inner
RoachPb5’#2 and 3’ RACE outer as template:
4. RoachPb5’#2 and 3’ RACE inner
5. RoachPb5’#3 and 3’ RACE inner
RoachPb5’#3 and 3’ RACE outer as template:
6. RoachPb5’#3 and 3’ RACE inner
The secondary PCR reactions yielded bands in a step-wise fashion approximately
700-800bp long. The largest bands were subsequently cloned and determined to be
the 3’ end of Periplaneta pb that includes the 3’ end of the homeodomain, the stop
codon and the 3’ untranslated region.
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Periplaneta 3’ pb DNA sequence (663 bp):
GAGCGCCAGGTAAAAGTCTGGTTCCAAAACCGTCGCATGAAACACAAGCGCCAGA
CGCTGAGCAAGGCGAACGAAGACGGCGACAGCAAGGACTCTCCTTCAGGAGGCG
GCGGCGGCAGTGGCAAGGGGGGCGGCAAGTCCGACAAGGGCAGCATCCTGCTC
CTTCAGGACGAGAACAGTAAGAGTTGCCAGAATTGTGACTTGCCGTCAGGAGGCG
GAAACACAGGTGGGGGTGGTATGGGAGATCACACTTCAAGCAGGAGGAACAACAA
CAACTTGACAGATTTAAGTCACATACAGAATAAAATTTGTAAAAAAAAATAACAAATG
AACAATCCACAAATAAGAATATTAGCCTATGTGACAAGGATAATTATTATGAGGCAA
AAATTCAAACAGTTTTGTCTTTAATATTAAATAGATAGATATTCCTATTATTAGAACAA
AAACTATGTTATTGTTGTTCCTTTGTTGTTTGGTGTAAATAATCTAATATTGATTCTTA
TCATTTACTAATGACTATTATCATTCACAACAATTATGTACAGATCATATCCTTTACTT
CCACGTAATGGATTAGAAACAATAAAACATAAGTTATAAGATTTTAGTCTTCTCAAG
AAAAAAAAAAAAACCTATNNNGAGTCGNATTAATTCGGATCC
Periplaneta 3’ PB protein sequence (221 aa):
ERQVKVWFQNRRMKHKRQTLSKANEDGDSKDSPSGGGGGSGKGGGKSDKGSILLL
QDENSKSCQNCDLPSGGGNTGGGGMGDHTSSRRNNNNLTDLSHIQNKICKKK*QMN
NPQIRILAYVTRIIIMRQKFKQFCL*Y*IDRYSYY*NKNYVIVVPLLFGVNNLILILIIY**LLSFT
TIMYRSYPLLPRNGLETIKHKL*DFSLLKKKKKTYXESX*FGS
* Yellow highlighted asterisk indicates the stop codon.

163
Appendix 20
Appendix 20. 3’ RACE PCR amplification and cloning of Sex combs reduced (Scr) in
Periplaneta americana. The obtained fragment is 421bp long. The 225bp fragment of
Scr described in Appendix 15 was used as a template to design unique primers for 3’
RACE amplification using the FirstChoice RLM-RACE Kit (Ambion). By using this
approach we were able to obtain an additional 282bp of sequence including the 3’ end
of the homeodomain, the stop codon and the 3’ untranslated region.
Primer used for cDNA synthesis:
AMBION 3’ RACE adapter: GCG AGC ACA GAA TTA ATA CGA CTC ACT ATA GGT
12VN
*This primer is supplied with the Ambion kit.
Specific primers used for PCR:
Forward primers*:
RScr-1: ATC CGT GGA TGA AGA GGG TAC
RScr-2: TAC GGT GAA CGC AAA TGG AG
RScr-3: TAC ACG AGG TAC CAG ACA CT
Reverse primers:
3’ RACE outer: GCG AGC ACA GAA TTA ATA CGA CT
3’ RACE inner: CGC GGA TCC GAA TTA ATA CGA CTC ACT ATA GG
*Forward primers designed by John Chesebro.
cDNA synthesis protocol:
In my own personal experience, I have found that the cDNA protocol suggested by the
manufacture does not generate good quality cDNA for subsequent 3’ RACE
experiments. Instead, I used the following protocol that reliably yields high quality cDNA
that can be used for several 3’ RACE experiments:
Reverse transcription reaction:
1.0ug Total RNA
4.0uL dNTPs (2.5mM each dNTP)
2.0uL AMBION 3’ RACE adapter primer
2.0 10X AMBION RT reaction buffer
1.0 RNase inhibitor
1.0 M-MLV reverse transcriptase
X Water (bring total volume up to 20uL)
Protocol for reverse transcription reaction:
1. Add total RNA, AMBION 3’ RACE adapter and water. Incubate at 70°C for 5
minutes.
2. Remove tube from heat block and place on ice for 5 minutes.
3. Add the rest of the reagents (except for M-MLY reverse transcriptase enzyme)
and incubate at 42°C for 10 minutes.
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4. Add M-MLY reverse transcriptase enzyme, mix well and incubate at 42°C for 1
hour.
5. Heat inactivate enzyme at 70°C for 10 minutes.
PCR reaction:
1.0uL cDNA (from the above reverse transcription reaction)
6.0uL 5X PCR reaction buffer
3.0uL dNTPs (2.5mM each dNTP)
2.4uL MgCl2 (25mM)
1.6uL 5’ specific primer (from 10pmol/uL dilution)
1.6uL 3’ specific primer (supplied in AMBION kit)
0.5uL Taq polymerase (5u/uL)
X Water (bring total volume up to 30uL)
PCR conditions:
1. 94°C 3 min
2. 94°C 30 sec
3. 60°C 30 sec
4. 72°C 30 sec
*Repeat steps (2-4) thirty four additional times
5. 72°C 7 min
6. 4°C hold
Primer combinations/PCR design:
The primary PCR reactions used the following combinations of primers:
1. RScr-1 and 3’ RACE outer
2. RScr-2 and 3’ RACE outer
3. RScr-3 and 3’ RACE outer
Following primary PCR reactions, 1.0uL of the reaction was used as a template for a
secondary PCR reaction with the following primer combinations:
Roach RScr-1 and 3’ RACE outer as template:
1. Roach RScr-1 and 3’ RACE inner
2. Roach RScr-2 and 3’ RACE inner
3. Roach RScr-3 and 3’ RACE inner
Following the secondary PCR reactions, 1.0uL of the reaction was used as a template
for a tertiary PCR reaction with the following primer combinations:
Roach RScr-2 and 3’ RACE inner as template:
1. Roach RScr-3 and 3’ RACE inner
*Important note: The annealing temperature for the secondary and tertiary PCR
experiments was 55°C. All other PCR conditions were identical to the protocol used for
the primary PCR reactions.
The tertiary PCR reactions yielded bands approximately 400-500bp long. These PCR
products were subsequently cloned and determined to be the 3’ end of Periplaneta Scr
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that includes the 3’ end of the homeodomain, the stop codon and the 3’ untranslated
region.
Periplaneta 3’ Scr DNA sequence (421 bp):
TACACGAGGTACCAGACACTGGAGTTGGAGAAGGAATTCCACTTCAACCGCTACC
TGACCAGAAGGCGGAGAATCGAGATCGCCCACGCTCTGTGTCTAACAGAGAGACA
GATCAAGATCTGGCTCCAGAACAGACGGATGAAGTGGAAGAAAGAGCGCAAGATG
GCCAGTATGAATATCGTTCCATACCACATGTCACACACGTCGCCGTACGGCCACC
CGGTCCACCAGTTTGGGCCTCCGCCTCACCACCAATTTGCACACCTTACCACCTAA
GCTATACCATTCCTCTGTTCAGTCTGAGAAAAATGCGCCTGATTATTTATGGAAAAT
TTAGTAGCAAATTAGATGATACTGAAAGGACATTCATCACAAAAAAAAAAAAAAACC
TATAGTGAGTCGTATTAATTCGGATCCGCGA
Periplaneta 3’ SCR protein sequence (140 aa):
YTRYQTLELEKEFHFNRYLTRRRRIEIAHALCLTERQIKIWLQNRRMKWKKERKMASM
NIVPYHMSHTSPYGHPVHQFGPPPHHQFAHLTT*AIPFLCSV*EKCA*LFMENLVAN*MI
LKGHSSQKKKKTYSESY*FGSA
* Yellow highlighted asterisk indicates the stop codon.
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Appendix 21
Appendix 21. PCR amplification and cloning of Ultrabithorax (Ubx) in Bicyclus
anynana. The obtained fragment is 207bp long and contains the highly conserved
homeodomain.
Degenerate primers used:
Forward primer 1: AAY CAC ACD TTY TAY CCC TGG ATG GCY (targeted to
NHTFYPWMAIA)
Forward primer 2: GGA ATT CGA RCT IGA RAA RGA RTT (targeted to ELEKEF)
Reverse primer: GCT CTA GAC GIC GRT TTT GRA ACC A (targeted to WFQNRR)
PCR conditions:
1. 95°C 1 min
2. 94°C 30 sec
3. 50°C 30 sec
4. 72°C 1 min
*Repeat steps (2-4) four additional times
5. 94°C 30 sec
6. 48°C 30 sec
7. 72°C 1 min
*Repeat steps (5-7) thirty five additional times
8. 72°C 10 min
9. 4°C hold
Primer combinations/PCR design:
Primary PCR reactions were conducted with degenerate primers targeted to the amino
acid motifs NHTFYPWMAIA (5’ end) and WFQNRR (3’ end). Resulting bands of the
anticipated size (≈200-300bp) were subsequently screened with the homeobox control
degenerate primers targeted to the amino acid motifs ELEKEF and WFQNRR (same
PCR settings as primary PCR). Only positive screens were subsequently cloned and
analyzed.
Bicyclus Ubx DNA sequence (207 bp):
AATCACACATTTTATCCCTGGATGGCCATTGCAGGAGCGAACGGCCTGAGAAGAC
GAGGGAGACAAACCTATACAAGATATCAAACGCTAGAGTTAGAGAAGGAATTCCAC
ACGAATCACTACCTCACGCGGAGGAGACGTATAGAAATGGCGCACGCGCTCTGTC
TCACGGAAAGACAAATCAAAATATGGTTCCAAAACCGCCGT
Bicyclus UBX protein sequence (69 aa):
NHTFYPWMAIAGANGLRRRGRQTYTRYQTLELEKEFHTNHYLTRRRRIEMAHALCLTE
RQIKIWFQNRR
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Appendix 22
Appendix 22. PCR amplification and cloning of Ultrabithorax (Ubx) in Nezara viridula.
The obtained fragment is 297bp long and contains the highly conserved homeodomain.
Degenerate primers used:
Forward primer 1: AAY CAC ACD TTY TAY CCC TGG ATG GCY (targeted to
NHTFYPWMAIA)
Forward primer 2: GGA ATT CGA RCT IGA RAA RGA RTT (targeted to ELEKEF)
Reverse primer: GCT CTA GAC GIC GRT TTT GRA ACC A (targeted to WFQNRR)
PCR conditions:
1. 95°C 1 min
2. 94°C 30 sec
3. 50°C 30 sec
4. 72°C 1 min
*Repeat steps (2-4) four additional times
5. 94°C 30 sec
6. 48°C 30 sec
7. 72°C 1 min
*Repeat steps (5-7) thirty five additional times
8. 72°C 10 min
9. 4°C hold
Primer combinations/PCR design:
Primary PCR reactions were conducted with degenerate primers targeted to the amino
acid motifs NHTFYPWMAIA (5’ end) and WFQNRR (3’ end). Resulting bands of the
anticipated size (≈200-300bp) were subsequently screened with the homeobox control
degenerate primers targeted to the amino acid motifs ELEKEF and WFQNRR (same
PCR settings as primary PCR). Only positive screens were subsequently cloned and
analyzed.
Nezara Ubx DNA sequence (297 bp):
AATCACACATTTTATCCCTGGATGGCTATTGCAGGTAAGTTCGAGCATGGCCTTGA
AGACCGAGCTGTGGAACCGGGTAAGCCGGACTTATGCGAGGCCCAGAAGGAGCT
GCATTGGCTTTGGAGAGCCAACGGCCTCAGGAGGCGCGGCCGCCAGACCTACAC
AAGGTACCAGACGCTGGAGCTTGAGAAGGAGTTCCACACCAACCACTACCTCACC
AGGCGGAGGAGGATAGAGATGGCCCACGCCCTCTGCCTCACGGAGAGGCAGATC
AAGATCTGGTTTCAAAATCGCCGT
Nezara UBX protein sequence (99 aa):
NHTFYPWMAIAGKFEHGLEDRAVEPGKPDLCEAQKELHWLWRANGLRRRGRQTYTR
YQTLELEKEFHTNHYLTRRRRIEMAHALCLTERQIKIWFQNRR
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Appendix 23
Appendix 23. PCR amplification and cloning of spalt (sal) in Oncopeltus fasciatus.
The obtained fragment is 174bp long.
Degenerate primers used:
(5’) salN1: ATG CAY TAY MGI ACI CAY ACN GG (targeted to MHYRTHTG)
(5’) salN2: ACN GGI GAR MGI CCN TTY AAR TG (targeted to TGERPFKC)
(3’) salC1: GK IAT RTG YTG YTG IAR NAC (targeted to VLQQHIR)
PCR conditions:
1. 95°C 1 min
2. 94°C 30 sec
3. 50°C 30 sec
4. 72°C 1 min
*Repeat steps (2-4) four additional times
5. 94°C 30 sec
6. 48°C 30 sec
7. 72°C 1 min
*Repeat steps (5-7) thirty five additional times
8. 72°C 10 min
9. 4°C hold
Primer combinations:
Primary PCR (salN1-salC1); Secondary PCR (salN2-salC1).
Oncopeltus sal DNA sequence (174 bp):
ACCGGGGAGCGACCTTTCCGTTGTAAGATCTGTGGCAGGGCATTCACGACGAAAG
GTAATCTCAAGACCCACATGGGTGTGCACCGGATAAAGCCGCCAATGAGGATGCT
CCACCAGTGCCCCGTCTGCCACAAAAAATTTACAAACGGTCTGGTCTTCCACCAGC
ACATCCCA
Oncopeltus SAL protein sequence (58 aa):
TGERPFRCKICGRAFTTKGNLKTHMGVHRIKPPMRMLHQCPVCHKKFTNGLVFHQHIP
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Appendix 24
Appendix 24. PCR amplification and cloning of iroquois (iro) in Oncopeltus fasciatus.
The obtained fragment is 120bp long.
Degenerate primers used:
(5’) iroN1: AAR AAY CCI TAY CCI ACI AAR GGN GAR AA (targeted to
KNPYPTKGEKI)
(5’) iroN2: AAR GGI GAR AAR ATH ATG YTI GCI ATH ATH AC (targeted to
KGEKIMLAIIT)
(3’) iroC1: CCA IGT CAT YTT RTT YTC YTT YTT DAR IC (targeted to RLKKENKMTW)
(3’) iroC2: TC YTT YTT IAR ICK ICK ICK IGC YTT IGC (targeted to ANARRRLKKE)
PCR conditions:
1. 95°C 1 min
2. 94°C 30 sec
3. 50°C 30 sec
4. 72°C 1 min
*Repeat steps (2-4) four additional times
5. 94°C 30 sec
6. 48°C 30 sec
7. 72°C 1 min
*Repeat steps (5-7) thirty five additional times
8. 72°C 10 min
9. 4°C hold
Primer combinations:
Two sets of primer combinations worked:
1. Primary PCR (iroN1-iroC1); Secondary PCR (iroN1-iroC2)
2. Primary PCR (iroN1-iroC1); Secondary PCR (iroN2-iroC2)
Oncopeltus iro DNA sequence (120 bp):
TATCCGACGAAAGGGGAGAAGATCATGCTGGCGATCATCACCAAGATGACTCTGA
CGCAGGTCTCGACGTGGTTCGCCAACGCCAGGAGGAGCCTAAAGAAGGAAAACA
AAATGACCTGG
Oncopeltus IRO protein sequence (40 aa):
YPTKGEKIMLAIITKMTLTQVSTWFANARRSLKKENKMTW
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While it has long been recognized that the arthropods represent the most diverse
animal phylum, the molecular bases defining these large-scale differences in body plans
and appendages are only now becoming clear. Specifically, the recent merger between
the fields of evolutionary and developmental biology (“evo-devo”) have provided several
examples illustrating that this extraordinary diversification may be due to evolved
variation(s) in the developmental networks that control the formation of these structures.
In addition, the delineation of such developmental processes can provide a fresh,
unbiased perspective on the robustness of the more traditional relationships within the
arthropods that are based on the presence or absence of key group-defining features.
For example, evo-devo type studies have determined that all arthropod mandibles are
gnathobasic (composed of coxapodite only) and therefore, this feature can no longer be
used to more closely group the insects and myriapods to the exclusion of the
crustaceans. This result illustrates how evo-devo analyses can effectively establish true
homologies of complex morphological traits.
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All insects possess a tri-partite body plan that consists of a head, thorax and
limbless abdomen. Therefore, it would seem likely that the developmental networks
controlling the establishment of these three regions would also be conserved. However,
we have found lineage-specific variation in the genetic mechanisms that act to maintain
one of these key insect features.

Specifically, our analyses show that the POU

homeodomain gene nubbin (nub) plays a critical role in the establishment of the
limbless abdomen via the up-regulation of the hox gene abdominal-A (abd-A) in the
milkweed bug (Oncopeltus fasciatus) that is not present in Drosophila. Hence, these
data indicate that there are at least two independent mechanisms that act to maintain
the establishment of the limbless abdomen in insects. In a similar fashion, we also
show that the formation of the dorsal ridge, a highly conserved structure that separates
the head and thorax in all insects, may also be maintained by at least two independent
molecular mechanisms.

In the cockroach Periplaneta americana, the embryonic

abolishment of the hox gene Sex combs reduced (Scr) disrupts this ancient boundary,
and results in the formation of an ectopic, supernumerary segment between the head
and thorax. Interestingly, while Scr mutants Tribiolium yield an identical phenotype, no
such ectopic segment develops when Scr is abolished in either Oncopeltus or
Drosophila. Hence these data collectively indicate that a fair amount of plasticity may
exist in the developmental networks controlling the establishment of class-defining
insect features.
Previous studies have indicated that the hox genes are required for conveying
segmental identity along the antero-posterior axis in insects. However, while the postembryonic functions of these genes have been well characterized in holometabolous
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lineages such as Drosophila, virtually no data exist about their roles during postembryogenesis

in

more

ancestral,

hemimetabolous

species.

Briefly,

the

hemimetabolous mode development differs from the holometabolous mode in that the
first nymph that hatches from the egg at the end of embryogenesis phenotypically
resembles the eventual adult. Therefore, the question remains that if the majority of
adult phenotypes are already established during embryogenesis, what are the functions
of the hox genes during post-embryogenesis in hemimetabolous lineages?

Our

analyses of Scr in two hemimetabolous lineages (Oncopeltus and Periplaneta) identified
novel temporal and spatial differences of function during embryonic and post-embryonic
development.

Specifically, in both instances the embryonic role of Scr is mainly

restricted to the head with no role in the prothoracic (T1) segment. Conversely, during
post-embryogenesis, Scr solely functions to provide identity to the T1 segment and has
no major role in the head region in either species. In addition, the post-embryonic
abolition of Scr in both Oncopeltus and Periplaneta results in the growth and formation
of ectopic wings that originate from the paranotal tissue of the dorsal pronotum. This
result suggests that the role of Scr in suppressing the normally active wing program on
T1 appears to be conserved in both holo- and hemimetabolous insects. Overall, these
findings provide important new insights into the current debate on the morphological
origin of insect wings.
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